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ABSTRACT 
 
Biodegradable aliphatic polyesters based on polylactones, polylactides and their copolymers 
are particularly interesting for their applications in the medical field. The major 
polymerization method used to synthesize these polymers has been the ring-opening 
polymerization (ROP) of lactones or lactides. Many organometallic compounds are effective 
initiators for the controlled ROP synthesis of polyesters but heavy metals derivatives are 
harmful for the human organisms. There has been an increasing interest in the development of 
efficient "green" catalytic systems for the synthesis of biodegradable aliphatic polyesters.  
This thesis is dedicated to the synthesis of aliphatic polyesters based on polycaprolactone, 
polylactide and polyglycolide and especially their copolymers using organic catalyst from the 
group of free N-heterocyclic carbenes (NHC) without the central heavy metal atom. 
A literature review is focused on the recent advances in the ROP of lactones and lactides 
using organic metal-free catalysts. However, there is no evidence of using carbenes for ROP 
synthesis of polyglycolide or its copolymers. 
An experimental part of this work briefly describes the preparation and properties of 1,3-di-
tert-butylimidazol-2-ylidene (NHC-tBu) free carbene from its stable chloride salt. The next 
section is focused on the preparation of polyesters from cyclic ester monomers, namely 
L-lactide, D,L-lactide, glycolide and -caprolactone using NHC-tBu catalyst. In particular, 
novel synthesis of thermosensitive amphiphilic triblock copolymers based on hydrophobic 
biodegradable polylactide, polyglycolide and biocompatible hydrophilic polyethylene glycol 
(PLGA–PEG–PLGA) using prepared NHC-tBu has been investigated. Consequently, 
influences of reaction conditions (i.e. monomers purification, reaction temperature, type of 
solvent, solvent to monomer ratio and initiator to catalyst ratio) have been evaluated. Finally, 
the comparison of PLGA–PEG–PLGA copolymers prepared using NHC-tBu and Sn(II)2-
ethylhexanoate catalysts has been performed. 
It was demonstrated that combination of NHC-tBu with PEG creates the effective catalytic 
system for ring opening polymerization of lactone or lactides. Polymers were prepared with 
the high conversion of monomer (70 - 85%) and low polydispersity index (Mw/Mn at 
around 1.2). PLGA–PEG–PLGA copolymer with two phase transitions (sol-gel and gel-
suspension) and gelation temperature between 35 – 43 °C was obtained. In most cases, 
changes in the reaction conditions did not have significant influence on chemical properties 
such as molecular weight or polydispersity index, however essentially affected the physical 
properties such as visco-elastic behaviors. 
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ABSTRAKT 
 
Medicínské aplikace tvoří z biodegradabilních alifatických polyesterů na bázi polylaktonů, 
polylaktidů a jejich kopolymerů velmi atraktivní skupinu materiálů. Metody přípravy těchto 
polymerů jsou založeny na polymeraci za otevření kruhu laktonů a laktidů. Mnoho 
organokovových sloučenin se vyznačují jako účinné a vysoce selektivní katalyzátory těchto 
polymerací, avšak je známo, že deriváty těžkých kovů jsou škodlivé pro lidský organismus. 
Z tohoto důvodu je v dnešní době rostoucí zájem o vývoj účinných „green“ polymeračních 
systémů pro syntézu biodegradabilních alifatických polyesterů. 
Předložená disertační práce se věnuje přípravě alifatických polyesterů založených na 
polykaprolaktonu, polylaktidu, polyglykolidu a zejména jejich kopolymeru pomocí 
organického katalyzátoru náležícího do skupiny N-heterocyklických karbenů (NHC) bez 
přítomnosti centrálního atomu těžkého kovu. 
Literární rešerše je zaměřená na pokroky v polymeraci za otevření kruhu (ROP) cyklických 
esterů (laktonů a laktidů) pomocí organických "metal-free" katalyzátorů. Nicméně, nebyly 
nalezeny žádné studie, kde se pro přípravu polyglykolidu nebo jeho kopolymerů využívá 
polymerace za otevření kruhu pomocí karbenových katalyzátorů. 
Experimentální část práce popisuje přípravu a vlastnosti 1,3-di-tert-butylimidazol-2-ylidenu 
(NHC-tBu) karbenu připraveného z jeho stabilní chloridové soli. Další část je zaměřena na 
přípravu polyesterů z cyklických monomerů, jmenovitě L-laktidu, D, L-laktidu, glykolidu a 
-kaprolaktonu pomocí NHC-tBu jako katalyzátoru. Byla zkoumána nová metoda přípravy 
termosenzitivního amfifilního triblokového kopolymeru na bázi biodegradabilního 
hydrofobního polylaktidu, polyglykolidu a biokompatibilního hydrofilního 
polyethylenglykolu (PLGA–PEG–PLGA) pomocí připraveného NHC-tBu. Dále byly 
studovány podmínky polymerace (například: přečištění monomeru, teploty polymerace, různé 
typy rozpouštědel, poměry rozpouštědla ku monomeru a nebo různé poměry iniciátoru 
ku katalyzátoru). Na závěr byl připravený PLGA–PEG–PLGA kopolymer srovnán 
s kopolymerem připraveným pomocí Sn(II)2-ethylhexanoátu. 
NHC-tBu se v přítomnosti PEG projevil jako účinný katalyzátor polymerace za otevření 
kruhu laktonu a laktidů. Připravené kopolymery dosahovaly vysoké konverze monomeru 
(70 – 85 %) s polydisperzitou (Mw/Mn okolo 1.2). Byl připraven PLGA–PEG–PLGA 
kopolymer se dvěma fázovými přechody (sol-gel a gel-suspenze) a gelační teplotou v rozmezí 
35 – 43 °C. Změny polymeračních podmínek neměly ve většině případů zásadní vliv na 
chemické vlastnosti kopolymeru, jako jsou molekulová hmotnost nebo polydisperzita, ale 
měly významný vliv na visko-elastické vlastnosti.  
 
 
 
 
KLÍČOVÁ SLOVA 
 
Polymerace za otevření kruhu, N-heterocyklické karbeny, alifatické polyestery, termocitlivé 
kopolymery, sol-gel fázový přechod. 
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1  INTRODUCTION 
Synthetic petrochemical-based polymers have had a tremendous industrial impact since 
the 1940s. Despite the numerous advantages of these polymers two drawbacks remains to be 
solved, namely the use of non-renewable resources in their production and the ultimate fate 
of these large scale commodity polymers. Biodegradable polymers are a more 
environmentally friendly alternative to petrochemical-based polymers. The advantage of these 
polymers is that they are in a suitable environment completely degradable within a short time. 
This means that the potential waste would be several times smaller than synthetic polymers. 
Processing of these materials has given rise to a broad range of applications from packing to 
more sophisticated biomedical devices [1]. 
Aliphatic polyesters such as hydrophobic polylactide (PLA), polyglycolide (PGA) and poly(-
caprolactone) (PCL) represent an important class of biodegradable and biocompatible 
macromolecules. They offer a number of advantages for developing biomedical materials. 
The key advantages include the ability to tailor mechanical properties and degradation 
kinetics to suit various applications. These polymers are also attractive because they can be 
fabricated into various shapes with desired pore morphologic features. Furthermore, 
polyesters can be designed with chemical functional groups [2].  
Ring-opening polymerization (ROP) of cyclic esters is one of the most important methods in 
the synthesis of aliphatic polyester. Catalysts used in ROP are mainly metal-containing 
compounds, which residues contaminate the polyesters make them inappropriate for bio-
applications. Therefore, research and development of metal-free catalysts draw more attention 
in the synthesis of aliphatic polyesters in recent years. The application of organic nucleophilic 
N-heterocyclic carbenes (NHCs) as a “green“ catalysts has resulted in a highly active and 
versatile route for the metal-free polymerization of cyclic esters. 
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2  LITERATURE REVIEW 
2.1 CYCLIC ESTERS 
Cyclic ester can be seen as the condensation product of an alcohol group –OH and 
a carboxylic acid group –COOH in the same molecule (Figure 1). Locant indicating 
the position of the hydroxyl functional group in the acid molecule is given in the name of the 
cyclic monomer (for example -caprolactone) [3]. 
 
COOHCH2

CH2 CH2 CH2CH2
OH  
 
Figure 1 The order of locants on C atoms adjacent to carboxyl group in the hydroxy acid. 
 
The ability of cyclic monomers to open the ring during ROP is affected by their 
thermodynamic stability. In general, thermodynamic stability of cyclic monomer decreases 
with increasing ring strain. The strain is relatively high for the 3- and 4-membered rings, 
decreases sharply for 5-, 6-, and 7-membered rings, increases for 8 – 13-membered rings, and 
then decreases again for larger rings [4]. The thermodynamic data for small and medium – 
sized cyclic esters show that the entropy change during polymerization is negative; thus, the 
driving force for the polymerization of these cyclic esters is the negative change of enthalpy 
[5]. In addition, the ability to polymerize is also influenced by polymerization conditions, 
stiffness of molecules and structure of monomers, such as substituents on a ring structure 
generally increase its stability [4]. Table 1 presents the cyclic monomer structures and their 
abbreviations.      
   
Table 1: Overview of the most common cyclic ester monomers. 
 
Monomer Structure 
β-propiolactone 
β-PL 
 
γ-butyrolactone 
γ-BL 
 
δ-valerolactone 
δ-VL 
 
-caprolactone 
-CL 
 
7 
Monomer Structure 
L-lactide 
L-LA 
 
D-lactide 
D-LA 
 
D,L-lactide 
D,L-LA 
 
Meso-lactide 
Meso-LA 
 
Glycolide 
GA  
 
2.2 BIODEGRADABLE ALIPHATIC POLYESTERS  
Biodegradable polymers have gained increasing interest over the past two decades in 
the fundamental research as well as in the chemical industry. Degradable plastics as defined 
by the American Society for Testing of Materials and the International Standards 
Organization are those which can go through a significant change in the chemical structure 
under specific environmental conditions [5]. Biodegradable plastics go through the process 
of degradation with the help of naturally occurring microorganisms such as bacteria, fungi, 
and algae [6]. 
A number of polymers have been developed as potential biodegradable materials due to their 
various compositions, special structures, and excellent properties that cover a wide range 
of applications (Figure 2). The most commonly used synthetic biodegradable polymers are 
polycaprolactone (PCL), polylactide (PLA), polyglycolide (PGA) and their corresponding 
copolymers. These polymers are widely used in the medical and packaging engineering fields. 
In the human body, these polymers degrade through hydrolysis into nontoxic components that 
are eliminated via the Krebs cycle as water and carbon dioxide [7], which makes the polymers 
suitable as resorbable medical materials. The major applications include resorbable sutures, 
drug delivery systems and orthopaedic fixation devices such as pins, rods and screws [1, 8]. 
Polyesters have also been considered for development of tissue engineering applications [8]. 
These biodegradable polymers may provide a practical solution to the ecological problems 
associated with bioresistant wastes. Flexible films, rigid containers, drink cups and bottles are 
products already available in the marketplace [7]. 
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Figure 2 Practical applications of the biodegradable polyesters [7, 9 – 13]. 
2.2.1 Poly(–caprolactone) (PCL) 
Poly(-caprolactone) derived from –caprolactone (Figure 3) belongs to the most attractive 
and commonly used biodegradable polyesters [14].  
 
 
 
Figure 3 Scheme of the ROP of -caprolactone to poly(-caprolactone). 
 
PCL is polyester with a valuable set of properties such as high permeability, biodegradability 
and compatibility and thus is blended with various commercial polymers or biopolymers [15]. 
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PCL is a hydrophobic, tough, crystalline thermoplastic material with a melting point (Tm) 
of about 61 °C and glass transition temperature (Tg) of -60 °C. In general, PCL crystallizes 
readily to an approximate degree of crystallinity of 40 – 50 % [16, 17]. The relative high 
degree of crystallinity is related to regular structure of PCL chains. One of its most attractive 
qualities for the use in specific biomedical applications is its slow degradation. 
The degradation time depends on its initial molecular weight and usually is in the order 
of 2 years [14, 18]. 
2.2.2 Polylactide (PLA) 
Polylactide is perhaps the most frequently used polyester in biomedical applications due to its 
many favorable characteristics, such as high strength and biocompatibility. PLA is 
synthesized either from lactic acid by a condensation reaction or more commonly by the ring-
opening polymerization of cyclic lactide dimer (Figure 4) [19]. 
 
 
 
Figure 4 Scheme ROP of lactide to polylactide. 
 
The lactide monomer exists in four different isomers (Table 1) which polymerizations lead to 
structurally and morphologically distinct polymers. The chirality of LA units provides 
a means to adjust degradation rates, as well as physical and mechanical properties [20, 21]. 
L-PLA is a highly crystalline isotactic polymer (Tg = 55 – 60 °C, Tm = 180 °C) and is 
preferred in application where high mechanical strength and toughness are required such as 
sutures, staples and orthopedic devices. D,L-PLA is generally amorphous (Tg = 45 – 50 °C) 
and is usually considered in application such as controlled drug release [21]. 
2.2.3 Polyglycolide (PGA) 
Polyglycolide or polyglycolic acid is a biodegradable, thermoplastic polymer and also the 
simplest linear, aliphatic polyester. It can be prepared from glycolic acid by polycondensation 
or from glycolide by the ring-opening polymerization (Figure 5) [22]. 
 
 
 
Figure 5 Scheme ROP of glycolide to polyglycolide. 
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Polyglycolide with a high molecular weight is a hard, tough, crystalline polymer (around 45 –
 55 %) with a melting point between 225 – 230 °C, glass transition temperature around 35 –
 40 °C and very high tensile strength (12.5 GPa) [23 – 25]. Its high crystallinity results in 
insolubility in most organic solvents; the exceptions are highly fluorinated organic solvents 
such as 1,1,1,3,3,3-hexafluoro-2-propanol [8]. 
 
2.4 SIGNIFICANT CATALYTIC/INITIATION SYSTEMS FOR 
THE POLYMERIZATION OF LACTONES AND LACTIDES 
The synthesis of novel catalysts or initiators for the ROP of existing or new monomers and 
macromers substituted with functional groups provide a very interesting and promising 
strategy for producing structurally advanced macromolecules.  
2.4.1 Organometallic Compounds 
A number of organometallic compounds, i.e. metal-oxides, carboxylates and alkoxides have 
been studied in order to achieve effective polyester synthesis via ROP of lactones or lactides. 
Several reactions catalyzed by metal complexes are highly specific, and reactions can be 
generated to form a desired polymer structure. Catalysts based on tin (Sn) and aluminum (Al), 
in particular Tin(II)-2-ethylhexanoate (Sn(Oct)2) and aluminum tris-(isopropoxide) (Al(iPr)3) 
(Figure 6), have been researched extensively for ROP of lactones or lactides [26]. 
 
 
 
 
 
Figure 6 Structures of a) Sn(Oct)2 and b) Al(iPr)3. 
 
Tin(II)-2-ethylhexanoate (SnOct2), is the most widely used catalyst for the synthesis 
of polylactides and polylactones both in technical production and for research purposes. 
Reasons include a high efficiency and versatility, easy handling and its solubility in most 
common solvents and cyclic ester monomers. SnOct2 have been approved by Food and Drug 
Administration for the use in food additive but it still possesses toxicity [27]. It has been 
reported that Sn(Oct)2 is not removed completely by a purification method involving 
dissolution and precipitation below a residual level of 306 ppm in PLA [28]. In this preview 
there is the major reason to search for effective and above all ”green“ polymerization systems 
for the synthesis of biocompatible polyesters.  
 
2.4.2 Organocatalysts 
An important consideration in the polymerization of lactone and lactide is the removal 
of metal contaminants, bound to the chain end before application in resorbable biomaterials. 
a) b) 
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The application of organocatalysts to controlled polymerization would be a highly viable 
alternative to organometallic approaches. Several organic compounds have demonstrated high 
activity and enantioselectivity in a number of common organic transformations (i.e. pyridine-
based organocatalysts, phosphine catalysts, (Thio)urea/amine based catalysts, amidines and 
guanides organocatalysts, enzymes). This group of catalysts also includes carbenes. This type 
of organocatalyst will be discussed into more detail in the next section. 
Carbenes 
 
Since the 1950s carbenes have shown great potential in the field of organic and 
organometallic chemistry [29]. These neutral compounds with general formula XYC: see 
Figure 7, where X and Y may be alkyl, aryl, H, or heteroatoms (O, N, S, halogens) contain 
divalent carbon atom, which possess two non-bonding electrons and six valence electrons 
[30]. Because the central carbon atom does not possess an octet of electrons, free carbenes are 
electron deficient and extremely reactive [31]. 
 
 
 
Figure 7 General formula of free carbenes. 
 
The free carbenes exist in two different electronic states: singlet and triplet, which are 
represented in Figure 8. The singlet state has one lone electron pair, while the triplet state has 
two unpaired electrons [29]. 
 
 
 
Figure 8 Orbital presentation of carbenes. 
 
The most studied members of the family of nucleophilic carbenes are N-heterocyclic carbenes 
(NHCs). They are generally known as excellent ligands for metal-based catalysis, but there is 
also increasing interest in the role of nucleophilic carbenes as organocatalysts. Metal-free 
catalyzed processes are interesting alternatives to classical organic transformations since they 
are often more economical and environmentally friendly.  
 
N-heterocyclic carbenes  
N-heterocyclic carbenes (NHCs) are a specific class of carbene compound in which a singlet 
carbenic carbon is flanked by two nitrogen atoms within a heterocyclic ring [32]. NHCs were 
first prepared independently by Wanzlick and Schönherr [33] and Öfele [34] in 1968. They 
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attracted much attention after the discovery of first stable NHC 1, 3-bis(adamantyl)imidazole-
2-ylidene (IAd) by Arduengo [35] in 1991. The potential of this class of compounds to serve 
as spectator ligands was recognized by Herrmann et al. in 1995 [36]. Soon thereafter, 
the exploitation of the potential of NHC ligands in catalysis began [37].  
NHCs can be synthesized with considerable diversity by varying the heteroatom in the ring (N 
or S), the steric and electronics of the groups attached to the imidazole ring (R1-2) and 
the nitrogen(s) (R3-4), and the ethylene backbone (i.e. saturated versus unsaturated) (Figure 9) 
[38]. NHCs form stable complexes with the transition metals, with lithium or beryllium, 
as well as lanthanides and actinides. They also form stable neutral adducts with a variety 
of organic species, including alcohols, amines and chloroform [39].  
 
 
 
Figure 9 Structural diversity of N-heterocyclic carbenes. 
 
 
Due to the high reactivity of carbenes as well as their extreme sensitivity to the air and 
moisture, several strategies for generating these reactive copmounds “in situ” under controlled 
conditions have been developed. The choice of methods depends on the nature of the carbene 
as well as on the compatibility of the generation method to the reaction interest [40]. Hedrick 
et al. reported that both unsaturated imidazolylidene and saturated imidazolinylidene carbenes 
could be generated by treatment of the corresponding imidazolium salts with tert-butoxide 
(t-BuOK) and used directly for the ROP of cyclic esters (Figure 10) [41]. This strategy 
requires the addition of a strong base, which, if not completely consumed, could also initiate 
ROP resulting in limited molecular weights and broader polydispersity index [42].  
 
 
 
Figure 10 “In situ” generation of free NHC using t-BuOK salt. 
 
An extension of this methodology involves the use of imidazolium-derived ionic liquids both 
as environment-friendly solvents and catalyst reservoirs. Polymerizations using ionic liquids 
have been performed using two different ways. In the first method, the polymerization was 
performed in neat ionic liquid, which serves as both the solvent and catalyst source. But much 
better results were obtained with THF/ionic liquid biphasic system [40]. Indeed, “in situ” 
deprotonation of an imidazolium-based liquid with potassium tert-butoxide generated the 
corresponding imidazol-2-ylidene, which migrates to the THF phase and initiates the ROP of 
cyclic esters (Figure 11) [43].  
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Figure 11 Generation of the NHC catalyst from the ionic liquid reservoir. 
 
The use of silver(I) carbene complexes as transmetalling agents to generate other transition 
of transition metal complexes prompted the investigation of these silver complexes 
as potential delivery agents for free carbenes (Figure 12) [40]. Silver carbene complexes are 
also active catalysts for the ROP of L-LA at 160 °C in the bulk.  
 
 
 
Figure 12 Generation of free carbene from silver(I) carbene complexe. 
Hedrick et al. also described an alternate strategy for generating saturated imidazolinylidene 
carbenes by thermolysis of stable chloroform and pentafluorobenzene adducts (Figure 13). At 
elevated temperature, the carbene-adduct bond is cleaved and the free carbene is released into 
solution [43]. 
 
 
 
Figure 13 Generation of free carbene from stable chloroform and pentafluorobenzene 
adducts. 
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Grubbs demonstrated that alcohol adducts of imidazolin-2-ylidenes can be used to generate 
the free carbene “in situ” to form NHC-coordinated transition metal complexes in a greatly 
simplified process (Figure 14). Hedrik et al. have recently showed that these alcohol adducts 
can be isolated and used directly as both catalysts and initiators for the ROP of lactones [42, 
45]. 
 
 
 
Figure 14 Elimination of alcohol from methoxyimidazolyl-2-ylidene. 
 
 
It is known that NHCs are versatile ligands for transition metals as well as potent nucleophilic 
organic catalysts for a wide variety of organic transformations. It was found that structural 
and electronic variations significantly affected the carbene activity, which could be correlated 
with the carbene basicity. Sterically demanding and electron-withdrawing substituents of 
NHCs dramatically decrease their activity as well as the thiazole-based carbenes in 
comparison with their imidazole-based analogues. The saturated/unsaturated nature of the 
NHC backbone has no appreciable influence [43]. The rates a selectivity for ROP depend on 
both the nature of the NHC and the monomer. For example, while the 1,3-bis(2,4,6-
(trimethylphenyl)imidazol-2-ylidene (1, IMes) is very active for the ROP of lactide, it is much 
less active for the ROP of ε-caprolactone [46]. Based on the literature, twelve NHCs 
structures were studied for ROP of LA, CL, VL and BL. The most studied NHC catalysts 
include IMes (1), 1,3,4-triphenyl-4,5-dihydro-1H-1,2-triazol-5-ylidene (5) and 1,3-
dimethylimidazol-2-ylidene (7). 
The polymerization behavior of NHCs is sensitive to the ratio of catalyst to initiator (C/I) and 
monomer concentration. C/I ratios ranging from 0.25 to 1.5 and 1 mol·dm-3 lactide solutions 
were found to be optimal for DP > 100, leading to Mw/Mn lower than 1.15, whereas much 
lower C/I ratios of about 0.01 – 0.02 and 2 mol·dm-3 lactide solutions were preferred to obtain 
oligomers (DP ~ 10) with low Mw/Mn (< 1.16). Higher concentrations or catalyst to initiator 
ratios led to broadened Mw/Mn. Polymerization can be carried out in dichloromethane, 
tetrahydrofuran and toluene, without significant modification of the polymerization rate [43, 
38]. 
The NHC-catalyzed polymerization can be proposed by  two types of mechanisms including a 
monomer-activated mechanism in which the nucleophilic carbene activates the cyclic ester to 
form an acyl-imidazolium intermediate for transesterification to the growing polymer chain 
and chain-end activated mechanism, whereby the NHC activates the alcohol toward 
nucleophilic attack [40]. 
A key feature of the monomer-activated mechanism (Figure 15) is the formation of a 
zwitterionic acylimidazole intermediate generated from nucleophilic attack of the NHC on the 
cyclic monomer. The protonation of the intermediate by the alcohol initiator is followed by 
attack of the resulting alkoxide on the activated acyl intermediate and displacement of the 
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NHC catalyst. The resultant hydroxyl-terminated monomer unit serves as the nucleophilic 
alcohol in subsequent propagation. The generated polyester bears the ester from the initiating 
alcohol as the R-chain end and a hydroxyl group as the ω-chain end [46]. Polymerization can 
be terminated by deactivation of the carbene with addition of acetic acid, CO2 or CS2, 
the latter of which forms a zwitterionic species that is readily removed from polymer upon 
precipitation [38].  
 
 
 
 
Figure 15 Proposed mechanism for the ROP of lactide in the presence of carbene and 
alcohol. 
 
 It was found that the polymerization of lactide by NHCs without the alcohol yields cyclic 
PLAs of defined molecular weight [48]. The proposed mechanism for these reactions involves 
nucleophilic attack of the carbene initiator to generate a zwitterionic intermediate. Addition of 
monomers to the zwitterion leads to chain growth by generation of higher zwitterions; 
macrocyclization of the zwitterions generates cyclic PLAs with liberation of the carbene [48]. 
The polymerization of rac-lactide with IMes occurs rapidly (5 – 900 s) at room temperature to 
yield PLAs with molecular weights from 7 to 26 000 g·mol-1 [48]. 
 
 
: 
2.3 SMART HYDROGELS 
Hydrogels are three-dimensional cross-linked networks which have the ability to hold water within 
the spaces available among the polymeric chains. They can be classified into two groups 
depending on the nature of the crosslinking reaction. If the crosslinking reaction involves 
formation of covalent bonds, then the hydrogels are termed as permanent hydrogel. If the 
hydrogels are formed due to the physical interactions, g.e. molecular entanglement, ionic 
interaction and hydrogen bonding among the polymeric chains, then the hydrogels are termed as 
physical hydrogels. Hydrogels can also be categorized as conventional and stimuli responsive 
hydrogels [52]. This part of review will focus just on stimuli responsive hydrogels, so called 
“smart hydrogels”. 
Stimuli responsive hydrogels are polymers that undergo reversible large, physical or chemical 
changes in response to small external changes in the environmental conditions, such as 
temperature, pH, light, magnetic or electric field, ionic factors, biological molecules, etc. [53]. 
These hydrogels have very promising applications in the biomedical field as delivery systems of 
therapeutic agents, tissue engineering scaffolds, cell culture supports, bioseparation devices, 
sensors or actuators systems [54]. This chapter is focused on temperature sensitive polymers.  
Temperature-responding polymers present a fine hydrophobic-hydrophilic balance in their 
structure, and small temperature changes around the critical temperature, make the chains to 
collapse or to expand responding to the new adjustments of the hydrophobic and hydrophilic 
interactions between the polymeric chains and the aqueous media. One of the polymers that 
exhibits temperature-sensitive properties hydrogels is a triblock copolymer (ABA-type) composed 
of poly(D,L-lactic acid-co-glycolic acid) (A-block) as the hydrophobic segment and poly(ethylene 
glycol) (B- block) as the hydrophilic segment. These copolymers were first prepared by Zentner et 
al. [55]. They are very attractive because of its biodegradability, biocompatibility, and ease of 
formulation and application. PLGA–PEG–PLGA hydrogels has been developed as a biologically 
degradable system for drugs delivery carries. They were used to produce many different 
commercial products, such Regel® and OncoGel®. The copolymer aqueous solutions exhibit sol-
to-gel-to-sol phase transition with increasing temperature. Their phase diagram and gelation 
mechanism will be discussed in more details. 
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3  MAIN GOAL OF THE THESIS 
 
The main aim of proposed dissertation work is the synthesis of selected free N-heterocyclic 
carbenes and the study of their potential as the nucleophilic organocatalysts for ring opening 
polymerization of lactide and lactone in order to prepare well-defined polymer materials with 
controlled molecular weight, polydispersity index and end groups. The next goal of proposed work 
is evaluation of prepared free NHCs for the synthesis and characterization of thermosensitive 
triblock poly(D,L-lactic acid-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(D,L-lactic acid-co-
glycolic acid) (PLGA–PEG–PLGA) copolymers. Synthesized polymers will be studied with 
respect to their chemical and physical properties. The optimization of reaction conditions in order 
to achieve living type of ring opening polymerization of cyclic esters will be characterized on 
molecular level. The sol-gel transition behaviors (both critical gel temperature and critical gel 
concentration) of amphiphilic polymer hydrogels will be evaluated both by the test tube inverting 
method and by the dynamic rheological analysis. Finally, behaviors of copolymers prepared with 
free carbene catalysts will be confirmed with copolymers synthesized using common tin catalyst. 
 
 
 
 
 18 
 
4  EXPERIMENTAL PART 
4.1 CHEMICALS 
 1,3-di-tert-butyl-1H-imidazol-3-ium chloride (NHC) purchased from Rhodia Company 
(Lyon, France) and used as received.  
 Butyllithium (BuLi, 1.6 mol·L−1slolutin in hexane) purchased from SigmaAldrich and used 
as received.  
 Calcium hydride (CaH2, coarse granules, < 20 mm, reagent grade, 95 %) was purchased 
from SigmaAldrich, Germany and used as received. 
 D, L – lactide (≥ 99.9 %) was purchased from Polysciences inc., Pennsylvania 
 Dimethyl sulfoxide (DMSO, p.a.), ordered from Penta, Czech Republic, was dried by CaH2 
and then freshly distilled prior to use. 
 Gaseous nitrogen (99.999 %, SIAD Czech spol. s r.o.) was refined over the drying column 
filled with molecular sieves and Cu catalyst.  
 Glycolide (≥ 99.9 %) was purchased from Polysciences inc., Pennsylvania and was purified 
by sublimation under vacuum at 60 °C.  
 Chloroform-d (99.8 Atom % D) for NMR spectroscopy was purchased from ISOSAR 
GmbH, Germany. 
 L-lactide (≥99.9 %) purchased from Polysciences, Inc., Pennsylvania and was purified by 
sublimation under vacuum at 60 °C.  
 Liquid nitrogen was purchased from Linde Gas, a.s., Czech Republic. 
 Poly(ethylene glycol) (PEG1500, average Mn = 1500 g·mol
-1
) purchased from 
SigmaAldrich was purified by degassing under vacuum for 3 hours at 130 °C. 
 Potassium tert-butoxide (t-BuOK, 1 mol·L−1 solution at THF) purchased from 
SigmaAldrich and used as received.  
 Tetrahydrofuran (THF, p.a.  99.5 %) purchased from Lach-Ner s. r. o. (CZ) was dried by 
metal sodium wire and benzophenone and freshly distilled prior to use from the violet 
solution.  
 Toluene (p.a. 99 %), purchased from Lach-Ner s. r. o. (CZ) was dried over CaH2 and then 
freshly distilled prior to use. 
 Ultrapure water (UPW of type II according to ISO 3696, Milli-Q quality) was prepared by 
Elix5 UV Water Purification System (Millipore,) at FCH BUT, CZ.  
 Xylene (p.a.  99 %) purchased from Lach-Ner s. r. o. (CZ) was dried over CaH2 and then 
freshly distilled prior to use. 
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4.2 EQUIPMENT 
 All-glass high vacuum line (hand-made at BUT, Faculty of chemistry) 
 Vacuum drying oven (Vacucell 22, BMT a.s., Czech Republic) 
 Thermoblock TK 23 (DITABIS AG, Germany) 
 Scale PB1502-S (Mettler-Toledo, s.r.o., Czech republic) 
 Elix® Essential 5 (Merck Millipore Co., Germany) 
 Analytical scale AB204-S (Mettler-Toledo, s.r.o., Czech republic) 
 TGA Q500 (TA Instruments, USA) 
 Differential scanning calorimeter 204 F1 (NETZSCH GmbH & Co, Germany) 
 FTIR-ATR, Tensor 27 (Bruker Co., Germany) 
 Christ Alpha 2-4 LSC freeze dryer (Martin Christ Gefriertrocknungsanlagen GmbH, 
Germany) 
 Drying oven (Venticell 111, BMT a.s., Czech Republic) 
 GPC Agilent Technologies 1100 Series instrument equipped with autosampler, RI and UV-
VIS detector (Agilent Technologies, Inc., USA) 
 Rheometer TA Instruments AR-2 (TA Instruments, USA) 
 700 MHz NMR spectrometer Bruker AVANCE III (Bruker Co., Germany) 
 500 MHz NMR spectrometer Bruker AVANCE III (Bruker Co., Germany) 
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4.3 METHODS 
All manipulations were carried out under a dry nitrogen atmosphere (99.999 %, Siad, CZ) using 
vacuum/inert manifold and standard Schlenk’s techniques (Figure 16). Nitrogen was purified 
passing through the drying columns filled with molecular sieves and Cu catalysts to remove the 
traces of moisture and oxygen. 
 
 
 
Figure 16 Vacuum line-manifold for experiments under inert atmosphere in Polymer Synthesis 
Laboratory at Faculty of chemistry BUT. 
4.3.1  Characterization of polymers 
4.3.1.1. Proton Nuclear Magnetic Resonance (
1
H NMR)  
 
Molecular weight, composition ratios and polymer structure characterizations were recorded at 
500 and 700 MHz Bruker AVANCE III instrument using 128 scans using CDCl3 as solvent. 
4.3.1.2. Gel Permeation Chromatography (GPC) 
 
Number average molecular weights (Mn) and polydispersity index (Mw/Mn) of the polymers were 
determined by GPC method using Agilent Technologies 1100 Series instrument equipped with 
isocratic pump, autosampler, RI and UV-VIS detector, fraction collector, column thermostat up to 
80 °C and 300 × 7.5 mm PLgel 5 m MIXED B;C column. THF was used as mobile phase 
(1.0/min). The apparatus was calibrated with linear polystyrene standards, and THF was use as 
flow rate marker. 
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4.3.1.3. Thermogravimetric Analysis (TGA) 
The thermal degradation of polymers was performed by thermogravimetric analysis on TA 
Instruments TGA Q500 using nitrogen as purge gas. Samples were heated from ambient 
temperature to 700 °C at a heating rate of 10 °C∙min-1 and nitrogen flow of 60 mL∙min-1. 
4.3.1.4. Differential Scanning Calorimeter (DSC) 
 
Glass transition temperatures (Tg) were measured by using NETZSCH differential scanning 
calorimeter 204 F1 (DSC). Copolymers were crimped in an open aluminum pan, cooled to –40 °C 
and heated up to 160 °C for two times. Cooling and heating rates were 10 °C∙min-1 and steady 
stream of nitrogen gas was supplied at 50 mL∙min-1. Temperatures were obtained from second 
heating cycle by Proteus Analysis software. 
 
4.3.1.5.  Fourier Transformed Infrared Spectroscopy (FTIR) 
FTIR spectra of NHC-tBu free carbene catalyst were recorded in the region between 
400 - 4000 cm
-1 
(128 scans at 4 cm
-1
 resolution) on a Bruker TENSOR 27 in the form 
of KBr pellets prepared in dry a box under nitrogen atmosphere (measured at 
Masaryk University in Brno). 
4.3.1.6. Attenuated Total Reflectance Fourier Transformed Infrared Spectroscopy 
(ATR-FTIR) 
IR spectra of triblock copolymers were confirmed by attenuated total reflectance Fourier 
transformed infrared spectrometer (ATR-FTIR) Bruker Tensor 27 with diamond ATR crystal in a 
range between 4000 – 600 cm-1. All spectra (128 scans at 4 cm-1 resolution) were recorded at 
laboratory temperature and evaluated by OPUS software. 
 
4.3.1.7.  Sol-gel Phase Transitions  
 
The test tube inverting method (TTIM) was used to determinate the sol-gel phase transition 
temperature. The vials containing copolymer water solutions were immersed in a thermoblock 
HLC TK 23 BioTech at designated temperature for 7 min. Condition of flow (sol phase) or no 
flow (gel phase) were observed by inverting a vial vertically. The sample was regarded as a “gel” 
in the case of no visual flow within 30 s by inverting the vial with a temperature increment of 1 °C 
per step. 
 
4.3.1.8.  Dynamic Rheological Analysis 
 
The sol-gel-suspension phase transitions and other visco-elastic properties of the copolymer 
aqueous solution were investigated by a dynamic stress-controlled rheometer (AR-2 TA 
Instruments) with Cone Plate geometry (angle 2°, 40 mm diameter and gap of 60 µm). Cold 
polymer solution (600 µl) was transferred to the Peltier (temperature control system) by 
micropipette. Before each measurement the solvent trap was filled with distilled water and the 
liquids were used to prevent evaporation of the sample.  
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4.3.2 Preparation of Free Carbene  
 
4.3.2.1 General Procedure for “In situ” 1,3-di-tert-butylimidazol-2-ylidene Formation 
Using tert-butoxide  
 
In situ generation of NHC was performed in a specially designed glass reactor. To a dry activation 
part of the reactor equipped with a magnetic stirring bar, 44 mg of 1,3-di-tert-butylimidazolium 
chloride and 3.6 mL of tetrahydrofurane were introduced followed by potassium tert-butoxide (1 
mol·L−1 solution at THF, ratio NHC/t-BuOK = 1/0.9). Solution was stirred for  50 minutes  to  
ensure  the  reaction  between  the carbene  precursor  and  potassium tert-butoxide. A suspension 
was observed during this carbene formation period. The reaction mixture  was  then  filtered  
through  a  sintered  glass  frit (S3)  to  the  polymerization  part  of  the reactor as light yellow 
solution. 
 
4.3.2.2. General Procedure for Preparation of 1,3-di-tert-butylimidazol-2-ylidene 
Using tert-butoxide 
In a dry 100 mL Schlenk‘s flask, 3.1 g of 1, 3-di-tert- butylimidazolium chloride was suspended in 
14.9 mL dry THF. The mixure was stirred at 23 °C and 15.7 mL of potassium tert-butoxide (1 
mol·L−1 solution at THF) was added. The reaction was stirred for 2 h. The reaction mixture was 
transferred via canula to filtration apparatus and filtered through celpure. The filter cake was 
washed with 20 mL of THF. The filtrate was concentrated under vacuum. To the crude product 20 
mL of hexane was added, the obtained solution was kept at -18°C overnight. After that the solution 
was concentrated to one half. The brownish white crystals in the yield of 35 % (0.9 g) were 
recovered by decantation of mother liquor (removed by a syringe). 
 
4.3.2.3. General Procedure for Preparation of 1,3-di-tert-butylimidazol-2-ylidene 
Using butyllithium  
Synthesis of free 1,3-di-tert-butylimidazol-2-ylidene carbene was performed in a sublimation 
apparatus. To the dry sublimation apparatus equipped with a magnetic stirring bar, 2.7 g (12.5 
mmol) of catalytic precursor and 35.5 mL of dry tetrahydrofuran were introduced. The medium 
was heterogeneous. After cooling to -78 °C, 12.5 mL (20.0 mmol) of n-butyllithium solution 
(1.6 mol·dm-3 in n-hexane) was added dropwise over a period of 30 min. The brown reaction 
mixture was kept stirring and warming up to laboratory temperature. Then the solvent and light 
derivatives were stripping off under nitrogen. The free carben was isolated by sublimation at 40 °C 
(temperature of oil bath) under vacuum in the form of white powder in the yield of 38 % (0.9 g).  
4.3.3 Polymerization of L-lactide  
The polymers were prepared via ring opening polymerization (ROP) method in THF as a solvent.   
 
4.3.3.1. Catalyzed by NHC-tBu Carbene Prepared “In Situ” Reaction 
In a typical reaction, PEG macroinitiator (Mn = 1500 g
.
mol
-1
, 0.49 mmol) was placed in the two-
neck round-bottom reaction vessel (25 mL) equipped with magnetic stirring bar. Prior the 
polymerization the PEG was degassed and dewatered at 130 °C for 3 h under the vacuum. After 
cooling down the PEG initiator, sublimated 6.82 mmol of L-lactide was added against the nitrogen 
flow and the reaction flask was kept for 30 min under the vacuum. Then 4.2 mL of THF 
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(THF/LA = 5 cm
3·g-1) was added to dissolve the initiator and monomer. Prepared THF solution of 
initiator and monomer was added to the polymerization part of the reactor containing solution of in 
situ formed free NHC-tBu carbene. Reaction proceeded for 1 h.  
 
4.3.3.2. Catalyzed by Free NHC-tBu Carbene 
PEG macroinitiator (Mn = 1500 g
.
mol
-1
, 0.34 mmol) was placed in the two-neck round-bottom 
reaction vessel (25 mL) equipped with magnetic stirring bar. Prior the polymerization the PEG 
was degassed and dewatered at 130 °C for 3 h under the vacuum. After cooling down sublimated 
8.61 mmol of L-lactide was added against the nitrogen flow and the reaction flask was kept for 
30 min under the vacuum. Then 6.2 mL of THF (THF/LA = 5 cm
3·g-1) was added. After 
dissolving the initiator and monomer, the solution of free NHC-tBu carbene in THF was added to 
start up the polymerization. Reaction proceeded for 1 h. 
 
4.3.4 Synthesis of PLGA–PEG–PLGA Copolymers 
The PLGA–PEG–PLGA triblock copolymers (ABA type) were prepared via ring-opening 
polymerization of D,L-lactide with glycolide using poly(ethylene glycol) as macroinitiator and 
1,3-di-tert-butylimidazol-2-ylidene as organocatalyst. Polymers were prepared under nitrogen 
atmosphere in glass reactor, which was purged by nitrogen and vacuum for three times prior the 
reaction.  
In a typical reaction, PEG macroinitiator (Mn = 1500 g
.
mol
-1
, 2.18 mmol) was placed in the two-
neck round-bottom reaction vessel (25 mL) equipped with magnetic stirring bar.. Prior the 
polymerization, the PEG was either degassed and dewatered at 130 °C for 3 h under the vacuum. 
After cooling down D,L-lactide (44.75 mmol) and glycolide (14.91 mmol) monomers were added 
against the nitrogen outflow and the reaction flask was kept for 30 min under the vacuum. Then 
41 mL of THF (THF/LA = 5 cm
3·g-1) was added. After dissolving initiator and monomer the 
solution of free NHC-tBu carbene in THF was added to start up the polymerization. Reaction 
proceeded for 1 h.  
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5  RESULTS AND DISCUSSION 
5.1 SYNTHESIS AND POLYMERIZATION BEHAVIOR OF 1,3-DI-
TERT-BUTYLIMIDAZOL-2-YLIDENE  
A variety of techniques have been reported for the generation of free carbenes from more readily 
available precursors. These techniques were discussed into more detail in the literature review. The 
choice among various methods depends on the nature of the carbene as well as the compatibility of 
the generation method to the reaction of interest.  
This thesis builds on my diploma thesis [57] and Fantišek Surman’s diploma thesis [58], where we 
studied polymerization behavior of 1,3-di-tert-butyl imidazole-2-ylidene for polymerization of 
lactide and lactone. 1,3-di-tert-butylimidazol-2-ylidene (NHC-tBu) was “In situ” generated by 
treatment of the corresponding imidazolium salts with potassium tert-butoxide (Figure 17).  
 
 
 
 Figure 17 “In situ” generation of 1,3-di-tert-butylimidazol-2-ylidene free carbene using t-BuOK 
salt. 
 
Based on previous studies it was found that the precursor salt, due to the presence of impurities, 
did not provide a defined system. From this reason it was not possible to ensure a quantitative 
response with t-BuOK and formation of equivalent amount of active centers. Therefore, at the 
beginning of my work I was focused on finding other ways for preparing NHC-tBu.  
Based on the literature review I have chosen both the procedure published by Denk [59] and also 
procedure published by Arduengo [60]. In the first case the reaction of imidazolium salt with 
buthyllithium at a very low temperature (-78 °C) has been used for preparing NHC-tBu (Figure 
18). 
 
 
 
Figure 18 Schematic illustration of imidazolium salt reaction with buthyllithium at low 
temperature to gain 1,3-di-tert-butylimidazol-2-ylidene free carbene. 
 
 In the second case the reaction of imidazolium salt with t-BuOK at laboratory temperature 
followed up by isolation of free carbene has been applied.  
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Starting (original) imidazolium salt and prepared NHC-tBu via above mentioned three methods are 
shown in Figure 19. 
 
       
   
Figure 19 Photos of a) Starting imidazolium salt, b) NHC-tBu generated “In situ”in THF, 
c) NHC-tBu generated according to Arduengo, d) NHC-tBu generated according to Denk. 
 
Polymerizations of L-lactide were carried outto compare polymerization ability of free NHC-tBu 
generated by three different ways: 
 “In situ” reaction (sample 1) 
 Using buthyllitium (sample 2)  
 Using tert-butoxide (sample 3)  
 
All reactions proceeded in the presence of poly(ethylene glycol) (Mn = 1500 g
.
mol
-1
) as 
macroinitiator and in THF at laboratory temperature. Since PEG has two hydroxyl functional 
groups at both - and - ends thus P(L-LA)–b–PEG–b–P(L-LA) triblock copolymers were 
prepared. Figure 20 shows schema of triblock copolymer synthesis. 
 
 
 
Figure 20 Synthesis of P(L-LA)–b–PEG–b–P(L-LA) triblock copolymers using NHC-tBu free 
carbene. 
 
 The molecular weight and molecular weight distribution of the polymers were determined by 
GPC and 
1
H NMR. Results are listed in Table 2. 
a) b) c) d) 
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Table 2 Properties of prepared polylactides. 
Sample [L-LA]0   
[mol·dm-3] 
Yield
a 
[%] 
Mn
b 
[g·mol-1] 
Mn
c 
[g·mol-1] 
Mw/Mn
b
 Mn(theor)/ 
Mn(GPC)/Mn(NMR) 
1 1.47 71 3496 4208 1.73 1.0/1.1/0.9 
2 1.38 85 5562 4133 1.20 1.0/0.8/1.1 
3 1.39 70 3278 3420 2.11 1.0/1.0/1.1 
 
Conditions of polymerization: THF, Tp = 23 °C, tp = 1 h, [C]0 = 0.1 mol·dm
-3
, [C]0 /[I]0 = 1/2, 
[L-LA]0 /[I]0 = 25 
a
 Determined gravimetrically.   
b
 Determined by GPC against PS standards in THF. 
c 
Determined by
 1
H NMR.  
 
It is obvious that using NHC-tBu generated by buthyllitium (sample 2) the obtained P(L-LA)–b–
PEG–b–P(L-LA) copolymer exhibited narrow polydispersity index (Mw/Mn = 1.2), controllable 
molecular weight and simultaneously high yield (85 %). Other L-LA polymerizations (sample 1 
and 3) provided triblock copolymer with a relatively high yield (70 %), but also with higher 
polydispersity index (Mw/Mn = 1.73 and 2.11, respectively) corresponding to the change of the 
activity of polymer centers due to the presence of impurities and side reactions. Based on the 
results above, preparation of NHC-tBu using buthyllitium (see Figure 18) was selected for further 
work. 1,3-di-tert-butylimidazol-2-ylidene free carbene was prepared in the form of a white crystals 
with a conversion of 40 % The structure was confirmed by 
1
H NMR and FT-IR analyses.  
1
H NMR was measured in deuterated benzene (C6D6) under nitrogen atmosphere. In Figure 21 the 
spectrum confirms that peak with shifting  = 1.59 ppm corresponds to protons of CH3 groups and 
a peak with shift  = 6.86 ppm belongs to groups of NCH protons. Furthermore, no other peaks of 
impurities were observed.  
 
 
Figure 21 The measured 
1
H NMR spectrum of 1,3-di-tert-butylimidazol-2-ylidene free carbene in 
C6D6 under nitrogen atmosphere. 
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The spectrum obtained by FTIR for 1,3-di-tert-butylimidazol-2-ylidene is presented in Figure 22. 
Table 3 gives the absorption bands of NHC-tBu with their respective attributions. Thoroughly Eva 
Kulovaná was focused on the study of FTIR spectra of free carbene in her diploma thesis [61]. 
 
Table 3 Assignment of the absorption bands observed in the FTIR spectra of 1,3-di-tert-
butylimidazol-2-ylidene (Nujol, KBr). 
Experimental 
frequencies [cm
-1
] 
Assignment Experimental 
frequencies [cm
-1
] 
Assignment 
3110  =CH (wagging vibration) 1319  =C-N, CH3-(stretching)
3073  =CH (wagging vibration) 1234    CH3-CC-C (stretching) 
2976  CH in CH3- (stretching) 827   CH3- (wagging vibration) 
1462  
 
 CH3- (stretching) 721  =CH (stretching) 
1366  
 
=CH, =C-N (stretching) 632  =CH (wagging vibration) 
 
 
   
 
Figure 22 FTIR spectrum of 1,3-di-tert-butylimidazol-2-ylidene. 
 
=CH 
CH3- 
=C-N 
=CH 
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5.2 POLYMERIZATION OF CYCLIC ESTERS USING NHC/PEG 
CATALYTIC SYSTEM 
In earlier experiments it was shown that the studied NHC-tBu created with PEG effective catalyst 
for ring opening polymerization of L-LA. Based on previous studies NHC-tBu and PEG were 
tested for the polymerization of other cyclic esters, namely D,L-lactide (D,L-LA), glycolide (GA) 
and -caprolactone (CL). In all cases ABA triblock copolymer were obtained, where A acts for 
certain cyclic ester and B for PEG. The results of each polymerization are shown in Table 4.  
 
Table 4 Properties of prepared triblock copolymers. 
Monomer 
Yield
 a
 
[%] 
Mn
b
 
[g·mol-1] 
Mn
c
  
[g·mol-1] 
Mn
d
 
[g·mol-1] 
Mw/Mn Mn(theor)/ 
Mn(GPC)/Mn(NMR) 
L-lactide 85 5562 4133 4338 1.20 1.0/0.8/1.0 
D,L-lactide 70 3176 4660 3675 1.28 1.0/1.2/0.8 
-caprolactone 71 3929 2329 3728 1.88 1.0/0.9/1.6 
glycolide 83 3019 N.D. 4358 1.07 1.0/1.4/- 
Conditions of polymerization: THF, Tp =23 °C., tp = 5 min, [C]0 = 0.1 mol·dm
-3
, [C]0 /[I]0 = 1/2,  
a
 Determined gravimetrically.   
b
 Determined by GPC against PS standards in THF. 
c 
Determined by
 1
H NMR.  
d
 Calculated from initial molar ratio [M]0/[I]0×MW(monomer)×conversion yield. 
N.D. = not detected, due to poor solubility of the copolymer. 
 
 
The catalytic efficiency of NHC-tBu toward ROP of D,L-LA, GA and CL was demonstrated. 
Polymers were synthesized within 5 minutes at room temperature with high yield.  
P(L-LA)–b–PEG–b–P(L-LA) triblock copolymer was prepared with the highest conversion of 
monomer (85 %) and narrow polydispersity index (Mw/Mn, Mw/Mn = 1.20). Similar Mw/Mn 
(Mw/Mn = 1.28) and a little bit lower conversion (70 %) showed synthesized P(D,L-LA)–b–PEG–
b–P(D,L-LA) triblock copolymer. For both L- and D,L- forms of polylactide Mn calculed from 
1
H 
NMR spectra was in a very good agreement with Mn found by GPC as well as with theoretically 
calculated Mn of polymer showing the catalyst efficiency (Mn(theor)/Mn(GPC)) higher than 80 %. 
However, polymerization of L-lactide exhibited better polymerization results than D,L- form, 
which could be due to the regular structure of L-lactide. 
1
H NMR spectroscopy was used to 
characterize both forms of prepared polylactides (Figure 23). Characteristic peaks of lactic acid 
protons were found in range between δ = 1.38 –  1.66 ppm [multiplet, 3H, (O-(CH3)CHO)] (d) and 
δ = 5.10 –  5.29 ppm [multiplet, 1H, (O-(CH3)CHO)] (a). Peak of PEG protons were found in a 
range between δ = 3.55 – 3.75 ppm [multiplet, 3H, (OCH2CH2O)] (c). The peak in the area of 
δ = 1.67 ppm (unmarked) belongs to protons of residual organic catalyst. The peak assigning to 
residual protons of the deuterated chloroform solvent was found at δ = 7.25 ppm. 
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Figure 23 Obtained 
1
H NMR spectra  of P(L-LA)–b–PEG–b–P(L-LA) and P(D,L-LA)–b–PEG–b–
P(D,L-LA) triblock copolymers prepared via ROP using NHC-tBu at room temperature in 5 
minutes in THF. 
 
 
Prepared PGA–b–PEG–b–PGA triblock copolymer showed very narrow polydispersity index 
(Mw/Mn = 1.07) with high conversion (83 %) of glycolide monomer. Polyglycolide-based triblock 
copolymer was characterized by 
1
H NMR spectroscopy with a spectrum shown in Figure 24. A 
characteristic peak of glycolic acid protons was found in a range between δ = 4.78 – 4.88 ppm 
[multiplet, 2H, (OCH2O)] (a) and peak of PEG protons in a range between δ = 3.45 –  3.85 ppm 
[multiplet, 3H, (OCH2CH2O)] (c). The peaks in the area of δ = 1.70 and δ = 1.80 ppm (unmarked) 
belong to protons of residual organic catalyst. The peak assigning to residual protons of the 
deuterated chloroform solvent was found at δ = 7.27 ppm. 
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Figure 24 Obtained 1H NMR spectrum of PGA–b–PEG–b–PGA prepared via ROP using NHC-tBu 
at room temperature in 5 minutes in THF. 
 
 
Prepared PCL–b–PEG–b–PCL triblock copolymer had quite high conversion (71 %) but the 
highest polydispersity index (Mw/Mn = 1.88), probably due to side reactions such as inter- or intra-
molecular transesterification and formation of cyclic oligomers. It is known that the efficiency of 
the ROP of -CL is very sensitive to the steric and electronic nature of the carbene [46, 62]. In the 
future work it will be better to use another type of carbene catalyst for the preparation of PCL-base 
copolymers with narrow polydisperzity index. 
1
H NMR spectrum of PCL–b–PEG–b–PCL 
copolymer is shown in Figure 25. Characteristic peaks of -caprolactone were found in range 
between  = 1.33 – 1.44 ppm [m, 2H, (-CH2-)] (f),  = 1.60 – 1.70 ppm [m, 4H, (-CH2-)] (e), 
 = 2.27 – 2.34 ppm [t, 2H, (-CH2CO-)] (d) and  = 4.01 – 4.08 ppm [t, 2H, (-CH2O-)] (b). Peak of 
PEG protons were assigned in a range between δ = 3.58 –  3.72 ppm [multiplet, 3H, (OCH2CH2O)] 
(c). The peak in the area of δ = 1.67 ppm (unmarked) belongs to protons of residual organic 
catalyst. The peak belonging to the residual protons of the deuterated chloroform solvent was 
found at δ = 7.27 ppm. 
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Figure 25 Obtained 1H NMR spectrum of PCL–b–PEG–b–PCL prepared via ROP using NHC-tBu 
at room temperature in 5 minutes in THF. 
 
 
Based on the obtained results it can be expected that the preparation of biodegradable 
thermosensitive PLGA–PEG–PLGA copolymers using 1,3-di-tert-butylimidazol-2-ylidene is 
possible. The next part of work will be focused on the preparation and characterization of these 
thermosensitive triblock copolymers. 
 
5.3 SYNTHESIS OF PLGA–PEG–PLGA COPOLYMERS 
PLGA–PEG–PLGA copolymers were synthesized via ring-opening polymerization of D,L-lactide 
with glycolide using poly(ethylene glycol) as macroinitiator and NHC-tBu as organocatalyst 
(Figure 26). The molar ratio between lactide and glycolide units affects the rate of degradation, 
which was theoretically set to the value of LA/GA = 3. The weight ratio between the poly(D,L-
lactide–co–glycolide) and poly(ethylene glycol) controls the solubility of the resulting copolymer 
and gelation behaviours in water. The ratio was theoretically set to PLGA/PEG = 2.5. Reaction 
proceeded in a THF solution at laboratory temperature and prepared copolymers after purification 
by ultrapure water were characterized by GPC, 
1
H NMR, DSC, TGA and FT-IR.  
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Figure 26 ROP polymerization of PLGA–PEG–PLGA triblock copolymers using NHC-tBu free 
carbene. 
 
 
GPC results were used as a qualitative tool to check the peak shape, molecular weight’s properties 
and size distribution of copolymer. Figure 27 shows GPC chromatograms of prepared PLGA–
PEG–PLGA copolymer. Obtained elution curves was symmetrical and unimodal. Properties of 
prepared copolymer are shown in Table 5. 
 
 
 
Figure 27 GPC diagram of PLGA–PEG–PLGA copolymer. 
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Table 5 Properties of prepared PLGA–PEG–PLGA triblock copolymer.  
Yield
 a
 
[%] 
Mn
b
 
[g·mol-1] 
Mn
c
  
[g·mol-1] 
Mn
d
  
[g·mol-1] 
Mw/Mn PLGA/PEG
 c 
[wt/wt] 
LA/GA c 
[mol/mol] 
79 5648 5007 4148 1.17 2.34 3.10 
Conditions of polymerization: THF solvent, Tp = 23 °C, tp = 2h, I/C = 0.5, S/M = 5.  
a
 Determined gravimetrically.   
b
 Determined by GPC against PS standards in THF. 
c 
Determined by
 1
H NMR.  
d
 Calculated from initial molar ratio [M]0/[I]0×MW(monomer)×conversion yield. 
 
Real Mn and composition of copolymer were determined by 
1
H NMR spectroscopy. Molecular 
weight was calculated from integral of peak (a) belongs to PLA and from integral of peak (b) 
belongs to PGA. In the PLGA–PEG–PLGA spectrum shown in Figure 28 characteristic peaks of 
lactic acid were found in a range between δ = 5.10 - 5.35 ppm [multiplet, 1H, (O(CH3)CHO)] (a) 
and  protons at δ = 1.50 - 1.75 ppm [multiplet, 3H, (OC(CH3)CHO)] (e), of glycolic acid at 
δ = 4.60 - 4.90 ppm [multiplet, 2H, (OCH2O)] (b) and PEG  at δ = 3.55 - 3.75 ppm [multiplet, 3H, 
(OCH2CH2O)] (d). The peak in the area of δ = 1.67 ppm (unmarked) belongs to protons of residual 
organic catalyst. The peak belonging to the residual protons of the deuterochloroform solvent was 
found at δ = 7.25 ppm.  
The Mn calculed from 
1
H NMR spectra was in a very good agreement with Mn found by GPC as 
well as with theoretical Mn of copolymer (Mn(theor)/Mn(GPC))/Mn(NMR) = 1/0.95/1.06).  
 
 
 
Figure 28 Obtained 
1
H NMR spectrum of PLGA–PEG–PLGA copolymer prepared via ROP using 
NHC-tBu at room temperature in THF. 
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Structure of PLGA–PEG–PLGA copolymer was characterized also using Fourier transform 
infrared spectroscopy. FTIR spectrum for the PLGA–PEG–PLGA copolymer is shown in Figure 
29. The absorption bands at 1720 - 1760 cm
-1
 are attributed to the C=O stretching vibrations of the 
ester carbonyl group of LA and GA units. The absorption bands at 1350 - 1520 cm
-1
 are assigned 
to the –CH2– and CH3–. The absorption bands from 1005 to 1350 cm
-1
 are attributed to the 
characteristic C–O–C stretching vibration of the repeated –OCH2CH2 units of PEG and the –COO 
bonds stretching vibrations of LA and GA. The CH, CH2, CH3 stretching bonds are centered at 
2950 and 2800 cm
-1
. The absorption bands of hydroxyl functional end-groups of PLGA–PEG–
PLGA were found at 3530 cm
-1
. Table 6 gives the absorption bands with their respective 
attributions. All these signals indicate the PLGA–PEG–PLGA copolymer was formed. 
 
 
Figure 29 FTIR of PLGA–PEG–PLGA copolymer. 
 
 
Table 6: Assignment of the absorption bands observed in the FTIR spectra of PLGA–PEG–PLGA 
copolymer. 
Experimental frequencies [cm-1]
 
Assignment 
2950 - 2800  CH, CH3, CH2 (stretching)  
1760 - 1720 C=O (stretching)  
1520 - 1350  CH3, CH2 (deformation)  
1350 - 1005  CH2, CH (wagging vibration)  
1350 - 1005  C-O (stretching)  
 
 
 
Kinetics of polymerization of PLGA–PEG–PLGA copolymer was investigated by gravimetric 
method. Aliquots were withdrawn during the polymerization after particular time intervals. Figure 
30 shows dependence of the conversion on the time during copolymerization of D,L-lactide and 
-CH2-,CH3- 
C=O 
C-O-C 
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glycolide. The illustrated dependence shows that the polymerization takes place very quickly after 
the first 5 minutes is achieved maximum monomer conversion of 89 %. From literature it is known 
that the ROP of cyclic esters by NHCs exhibit several notable features. Reaction rates can be 
extremely high. For example the IMes carbene catalyzes the ROP of LA in the presence of an 
alcohol initiator within seconds at room temperature (turnover frequency TOF = 18 s
-1
) with 
catalyst loadings as low as 0.5 mol %. In addition to the rapid rate of polymerization, the ROP of 
LA mediated by NHCs is remarkably well-controlled and exhibits many of the features of a living 
polymerization [40]. 
 
 
 
Figure 30 Dependence of monomers conversion on the time of D,L-lactide and glycolide 
copolymerization using NHC/PEG catalytic system. 
 
Dependence of molecular weight and polydispersity index on polymerization time during 
copolymerization of D,L-lactide and glycolide is shown on Figure 31. The dependence of 
molecular weight on the polymerization time only slightly increases. Dependence on 
polydispersity index on the polymerization time is linear at all times. From this it is evident that 
the properties of copolymers are during polymerization almost unchanged. In future work the 
kinetic studies should be focus on the first minute or better on the first seconds of polymerization. 
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Figure 31 Dependence of molecular weight and polydispersity index on polymerization time 
during copolymerization of D, L-lactide and glycolide. 
 
 
The thermal stability of copolymers was studied by thermogravimetric analysis. TGA was carried 
out to measure change in mass with increased temperature, thermal stability, and maximum 
degradation temperature for the sample. Thermograms (Figure 32) of PLGA–PEG–PLGA 
copolymer exhibited two-stage changes in the weight loss corresponding to decomposition of ester 
bonds in PLGA (total weight loss at the end of first stage ∆W1 = 71.55 wt.%) and ether bonds in 
PEG (total weight loss at the end of second stage ∆W2 = 26.34 wt.%). As can be seen, copolymer 
starts degradation at temperature Td = 204 °C, first degradation step with the temperature at max. 
rate of Tdm = 275 °C and second stage with the temperature at maximum rates of Tdm
2
 = 387 °C. 
 
 37 
 
Figure 32 TGA of PLGA–PEG–PLGA copolymer. 
 
Figure 33 shows the DSC curve for the PLGA–PEG–PLGA copolymer. The DSC data were 
recorded for the second heating run from -40 to 160 °C. From these DSC curve it is possible to see 
the thermal transitions related to the glass transition (change in the angle of the DSC curves to the 
baseline). Glass transition temperature (Tg) calculated from DSC analysis was found to be –10 °C. 
The absence of a melting transition phase suggests that the analyzed copolymer is amorphous. It 
can be seen that there is no indication of residual monomers in the prepared copolymers, since no 
endothermic event characteristic of glycolide melting is observed on the respective DSC curves. 
 
 
 
Figure 33 DSC of PLGA–PEG–PLGA copolymer. 
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The sol-gel phase transition of aqueous solutions of PLGA–PEG–PLGA copolymer was evaluated 
by inverting test tube method (Figure 34). The phase diagram of copolymer is shown in Figure 35. 
These phase diagram demonstrates three basic areas sol, gel and suspension. They are separated by 
sol-gel curve. Copolymer dissolved in water forms free-flowing solution (sol) and with increases 
temperature spontaneously gels (first sol-gel transition), further increasing the temperature causes 
the second gel sol transition, the copolymer is separated from the water (suspension).  
 
   
 
Figure 34 Inverting test tube method: a) the solution in phase sol b) the phase gel at 37 °C, c) the 
phase suspension.  
 
The solutions of PLGA–PEG–PLGA in ultrapure water were prepared in a concentration range of 
6 – 42 w/v %. At  concentrations above 20 w/v % the copolymer solution becoming viscous with 
gradually increasing temperature and changed to transparent gelat the temperature of about 36 °C. 
With further increasing temperature the transparent gel is transferred to a white gel. At the 
temperature around 43 °C the copolymer precipitated and dividing the sample into two phases 
(copolymer and water). When the copolymer suspension is cooled down, sample dissolved and 
again exhibits a sol-gel transition. At concentrations of the copolymer solution lower than 20 % 
only increasing the viscosity was observed with increasing temperature. Thus 20 % was set as 
CGC and 36 °C as CGT. 
 
 
 
Figure 35 Phase diagram of PLGA–PEG–PLGA copolymer. 
a) b) c) 
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The rheological behavior of the temperature-sensitive block copolymer was described by the 
storage modulus (G´). Figure 36 shows the temperature-dependent storage modulus of the 
hydrogel in the temperature range of interest, between 25 °C and 50 °C for the concentrations 
between 18 – 42 %. G´ was zero until the onset of the sol–gel transition, after which G´ increased 
to a maximum. With further increase in the temperature G´ decreased. The sample was in the gel 
state up to the 49 °C. The highest stiffness 176 Pa had copolymer solution with the concentration 
of 42 w/v %. 
 
Figure 36 Effect of polymer solution concentration (18 - 42 w/v %) on the storage modulus. 
 
5.3.1 Optimization of copolymerization conditions 
In this study, the goal was to achieve optimal conditions to slow-down the ring opening 
polymerization to keep “living” well-controlled conditions of polymerization. Therefore, the 
synthesis of PLGA–PEG–PLGA copolymer was carried out in a range of different temperatures of 
polymerization, in different solvents or in a bulk and different ratio solvent to monomer or initiator 
to catalyst in order to optimize the physical conditions with a view of predicted Mn, narrow 
polydispersity index and gelation behavior of copolymers. The effect of D,L-lactide and glycolide 
purification prior the use on the copolymer characteristics was studied as well. The PLGA–PEG–
PLGA triblock copolymers theoretical composition was same as above, so PLGA/PEG weight 
ratio was set to 2.5 and LA/GA molar ratio was equal to 3.0. 
 
5.3.1.1. Influence of Monomer Purification  
At the beginning the effect of monomer purification prior the use on the copolymer characteristics 
was monitored. PLGA–PEG–PLGA copolymers with sublimated and original unsublimated 
monomers were successfully synthesized. All samples were purified by ultrapure water. Polymers 
characteristics are listed in Table 7. 
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Table 7: Properties of the prepared PLGA–PEG–PLGA copolymers. 
Sample 
Yield
 a
 
[%] 
Mn
b
 
[g·mol-1] 
Mn
c
  
[g·mol-1] 
Mn
d  
[g·mol-1] 
Mw/Mn PLGA/PEG
 c 
[wt/wt] 
LA/GA c 
[mol/mol
] 
sublimated 89 6046 4561 4673 1.21 2.04 2.65 
unsublimated 74 6498 4526 3885 1.17 2.02 2.70 
Conditions of polymerization: THF solvent, Tp = 23 °C, tp = 5 min, I/C = 0.5, S/M = 5.  
a
 Determined gravimetrically.   
b
 Determined by GPC against PS standards in THF. 
c 
Determined by
 1
H NMR.  
d
 Calculated from initial molar ratio [M]0/[I]0×MW(monomer)×conversion yield. 
 
Copolymer from sublimated monomers reached higher monomer conversion (89 %) than 
copolymer from original unsublimated monomers (74 %). Molecular weight calculated from 
1
H 
NMR for copolymers sublimated was 4561 g·mol-1 which was comparable with theoretical 
molecular weight (4673 g·mol-1) and for unsublimated copolymer the Mn was considerably higher 
(4526 g·mol-1) than theoretical molecular weight (3885 g·mol-1). The efficiency of NHC/PEG 
system for sublimated monomers was higher (Mn(theor)/Mn(GPC) = 0.77) in comparison to 
unsublimated monomers (Mn(theor)/Mn(GPC) = 0.60). Polydispersity index were for both copolymers 
narrow Mw/Mn = 1.2. These results indicate that the polymerization proceeds better with sublimed 
monomers, due to the higher purity of the entering monomers. There is no significant difference 
between 
1
H NMR spectra of individual PLGA sequences from PLGA–PEG–PLGA copolymers 
either from sublimated or unsublimated monomers (see Figure 37).  
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Figure 37 
1
H NMR spectra of PLGA–PEG–PLGA copolymers from both sublimated and 
unsublimated monomers and detail in a range from 4.5 – 5.0 ppm. 
 
 
Rheological properties of the copolymers prepared from sublimated and original unsublimated 
monomers were evaluated. Figure 38 shows elastic modulus of copolymer solutions (24 w/v %). 
The copolymer solution from sublimated monomers exhibited elastic modulus only 8.5 Pa at 
35.7 °C, while copolymer from original unsublimated monomers exhibited G´ equal to 46.0 Pa 
at 35.0 °C. 
The lower elastic modulus found at the sublimated copolymer can be caused by the presence of 
higher amount of carbene catalyst bound to copolymer chain ends. Presented molecules of catalyst 
might disrupt hydrophobic interactions between chains and thus did not allow the formation of 
strong micelles interactions. Higher presence of the carbene catalyst in the copolymer from 
sublimated monomers was confirmed by 
1
H NMR. 
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Figure 38 Rheological properties of PLGA–PEG–PLGA copolymers from either sublimated or 
unsublimated monomers (24 w/v % in ultrapure water). 
 
Monomers purification have not significantly influenced the chemical properties of resulted 
copolymers, but essentially influenced the physical properties such as gelation behavior (gel 
stiffness). Moreover, sublimation of monomers is very economically and time-consuming. Based 
on these results next samples were prepared only from original unsublimated monomers. 
 
5.3.1.2. Influence of Copolymerization Temperature  
It is generally known that increasing the polymerization temperature leads to faster both 
polymerization reactions and the transmission frequency responses. Influence of temperature on 
polymerization behavior catalytic system NHC/PEG in copolymerization of D,L-lactide and 
glycolide was investigated. Series of experiments were carried out in the temperature equal to 0, 
10, 23 and 40 °C in THF for 120 minutes. Properties of prepared copolymers are shown in Table 
8. 
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Table 8: Summary of the properties of copolymers PLGA–PEG–PLGA prepared at different 
temperatures. 
Tp 
[°C] 
Yield
 a
 
[%] 
Mn
b
 
[g·mol-1] 
Mn
c
  
[g·mol-1] 
Mn
d
  
[g·mol-1] 
Mw/Mn PLGA/PEG
 c 
[wt/wt] 
LA/GA c 
[mol/mol] 
0 74 4133 5003 3885 1.39 2.34 3.23 
10 71 4609 5042 3728 1.26 2.36 3.09 
23 79 5648 5007 4148 1.17 2.34 3.10 
40 77 4312 4689 4043 1.14 2.13 3.12 
Conditions of polymerization: THF solvent, tp = 5 min, I/C = 0.5, S/M = 5.  
a
 Determined gravimetrically.   
b
 Determined by GPC against PS standards in THF. 
c 
Determined by
 1
H NMR. 
d
 Calculated from initial molar ratio [M]0/[I]0×MW(monomer)×conversion yield. 
 
Prepared copolymers reached conversion of monomer in the range of 71 – 79 %. With decreasing 
the polymerization temperature it can be observed lowering in molecular weight of copolymers 
and broadening their polydispersity index. The ratios of LA/GA and PLGA/PEG approached 
theoretically set values (LA/GA = 3.0, PLGA/PEG = 2.5). The lowest polydispersity index 
(Mw/Mn = 1.14) was achieved at Tp = 40 °C, the highest temperature tested, which surprisingly is 
not consistent with the expected change of the polymerization rate.  
Differences in the structure of the prepared copolymers were observed by 
1
H NMR at individual 
sequences for PLGA in a range from 4.56 to 4.93 ppm (Figure 39).  
 
 
Figure 39 Detail in 
1
H NMR spectra of PLGA–PEG–PLGA in a range from 5.0 – 4.5 ppm for ROP 
at different temperature. 
 
J. Kasperczyk performed detailed characterization of the glycolide/lactide copolymer chain 
microstructure, including expected structural changes resulting from transesterification processes 
using proton nuclear magnetic resonance (Figure 40) [63].  
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Figure 40 
1
H NMR spectra of poly(lactide-co-glycolide) obtained in the region of glycolide 
methylene protons [63]. 
 
Assignment of resonance lines to appropriate sequences in 
1
H NMR spectrum of poly[(lactide)-co-
(glycolide)]  in the region of the glycolide methylene proton are listed in Table 9. 
 
Table 9: Sequences in the region of the glycolide methylene proton [63]. 
 
The peaks in the 
1
H NMR spectra of samples prepared at 0 °C, 10 °C and 23 °C are similar, but 
peaks of copolymer prepared at 40 °C are different. Generally, transesterification reaction depends 
on the reaction temperature. Inter-molecular transesterifications cause the redistribution of 
sequences in the polyester chain, resulting in the change of sequence structure and even the length 
distribution of PLGA blocks. Contrary, intra-molecular transesterifications result in copolymer 
degradation [64]. Results show that lower ROP temperatures lead to the application of an intra-
molecular transesterifications accompanied by expansion of polydispersity index. 
Rheological properties of copolymers prepared at different temperature of polymerization were 
evaluated. Figure 41 shows elastic modulus of copolymer solutions having concentration of 42 w/v 
Line number Sequences  [ppm] 
1 GLGGG or GGGLG 4.96 
2 LGGLG or GLGGL 4.94 
3 GGGGG 4.90 
4 LLGGL + LGGLL 4.88 
5 GGGGL + LGGGG 4.87 
6 LLGGG + GGGLL 4.86 
7 LLGLL + GLGLL + LLGLG + GLGLG 4.83 
8 GGGLG or GLGGG 4.80 
9 LGGGL + GLGGL or LGGLG 4.78 
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%. The solution of copolymer prepared at 40 °C stayed in phase sol in the all temperature scale. 
Other solutions of copolymers exhibited sol-gel transition. The solution of copolymer prepared at 
0 °C exhibited G  ´ equal to 28.3 Pa at 36.0 °C, higher elastic modulus G  ´ equal to 51.7 Pa 
at 34.2 °C showed the solution of copolymer prepared at 10 °C. The highest stiffness of 176 Pa at 
34.5 °C reached copolymer solution prepared at 23 °C. 
 
 
 
 
Figure 41 Influence of polymerization temperature on elastic modulus of the polymer solutions 
(concentration 42 w/v %). 
 
It was demonstrated that different temperatures of polymerization have not overmuch influenced 
the molecular weight or polydispersity index. Essential affect was observed at visco-elastic 
behavior. Best visco-elastic behavior was achieved with the copolymer prepared at 23 °C. This 
temperature is advantageous both from an economical and practical point of view. Based on these 
results next samples were prepared at laboratory temperature. 
 
5.3.1.3. Influence of Solvents 
The effect of the reaction medium on the polymerization was evaluated using tetrahydrofuran 
(THF), dimethyl sulfoxide (DMSO) and xylene as solvents. These solvents have the dielectric 
constants, ε = 7.5, 47, and 2.4, respectively. For comparison, the polymerization in bulk was also 
conducted. Experiments in solutions were carried out at laboratory temperature for 60 minutes. 
The polymerization in bulk was carried out at 130 °C (to melt the monomers) for 60 minutes. The 
data of polymerizations are summarized in Table 10. 
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Table 10: Influence of solvent on the properties of prepared PLGA–PEG–PLGA copolymers. 
Solvent 
Yield
 a
 
[%] 
Mn
b
 
[g·mol-1] 
Mn
c
  
[g·mol-1] 
Mn
d
  
[g·mol-1] 
Mw/Mn PLGA/PEG
 c 
[wt/wt] 
LA/GA c 
[mol/mol] 
bulk 73 3876 4825 3833 1.32 2.21 2.83 
THF 79 5648 5007 4148 1.17 2.34 3.10 
DMSO 53 3901 4550 2783 1.30 2.03 2.37 
Xylene 45 5151 4416 2415 1.30 1.94 4.74 
Conditions of polymerization: Tp = 23 °C, tp = 60 min, I/C = 0.5, S/M = 5. 
a
 Determined gravimetrically.   
b
 Determined by GPC against PS standards in THF. 
c 
Determined by
 1
H NMR. 
d
 Calculated from initial molar ratio [M]0/[I]0×MW(monomer)×conversion yield. 
 
Prepared copolymers in bulk and in THF solution reached conversion of monomers 73 % and 
79 %, respectively. Copolymers prepared in DMSO and xylene solution showed lower conversion 
of monomers (53 % and 45 %, respectively). Also the ratios of LA/GA and PLGA/PEG did not 
come close to the theoretically set values (LA/GA = 3.0, PLGA/PEG = 2.5). It is probably due to 
different polarity of solvents. Xylene is non-polar aprotic solvent and PLA/PGA ratio looks like 
the glycolid polymerized to lower conversion in comparison to lactide. DMSO belongs to polar 
aprotic solvent and THF is “Borderline” polar aprotic solvents. THF don’t participate in reactions: 
it serve only as the medium. 
The differences in the structures of the prepared copolymer can be seen from the 
1
H NMR spectra 
shown in Figure 42. 
 
 
Figure 42 Detail in 
1
H NMR spectrum in a range from 5.0 – 4.5 ppm for copolymers prepared in 
different medium.  
 
 47 
The peaks in the 
1
H NMR spectra of samples prepared in THF and DMSO are quite similar. The 
resonance lines of GA-LA sequences in the region of the glycolide methylene proton are in the 
similar representation. While in the case of the copolymers prepared in xylene and bulk it is 
evident that resonance line at  = 4.83 ppm (peak of LA-GA-LA triad) significantly exceeds the 
other resonance lines. This peak confirms existence of transesterification reaction.  
Rheological properties of the copolymers prepared in different polymerization medium were 
evaluated. Elastic modulus of copolymer solutions (42 w/v %) is shown in Figure 43. The solution 
of copolymer prepared in solution of DMSO stayed in phase sol in the all temperature scale. The 
solution of copolymer prepared in bulk exhibited G´ only equal to 3.0 Pa at 32.0 °C, higher elastic 
modulus G´ = 33.06 Pa at 33.2 °C showed the solution of copolymer prepared in hexane. The 
highest stiffness 176 Pa at 34.5 °C reached copolymer solution prepared in solution of THF. 
 
 
 
Figure 43 Influence of polymerization solvent on elastic modulus of the polymer solutions 
(concentration 42 w/v %). 
 
Changes in the reaction medium have essentially influenced the conversion of monomers, 
molecular weight and also the composition of copolymers. Effect of polymerization solvent also 
reflected on gelation behavior. Best equals were achieved in THF solvent. Based on these results 
next samples were prepared in THF. 
 
 
5.3.1.4. Influence of Different Solvent to Monomer Ratio 
The influence of the initial concentration of monomers, which is given by the ratio of solvent to 
monomer (S/M) was studied. The polymerizations were carried out at concentrations of monomers 
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[D,L-LA]0 = 1.08 – 0.27 and [GA]0 = 0.36 – 0.09 in the polymerization batch at laboratory 
temperature in THF for 120 min. Overall results are summarized in Table 11. 
 
Table 11: Properties of prepared copolymers PLGA–PEG–PLGA at different ratio solvent to 
monomer. 
S/M 
Yield
 a
 
[%] 
Mn
b
 
[g·mol-1] 
Mn
c
  
[g·mol-1] 
Mn
d
  
[g·mol-1] 
Mw/Mn PLGA/PEG
 c 
[wt/wt] 
LA/GA c 
[mol/mol] 
5 79 5648 5007 4148 1.17 2.34 3.10 
10 68 4400 5173 3570 1.23 2.45 3.01 
20 72 4628 5196 3780 1.12 2.46 2.93 
Conditions of polymerization: THF solvent, Tp = 23 °C, tp = 2 h, I/C = 0.5. 
a
 Determined gravimetrically. 
b
 Determined by GPC against PS standards in THF. 
c 
Determined by
 1
H NMR.  
d
 Calculated from initial molar ratio [M]0/[I]0×MW(monomer)×conversion yield. 
 
Prepared copolymers reached conversion of monomer in the range of 68 – 79 %. There were no 
significant differences between molecular weights. The ratios of LA/GA and PLGA/PEG 
approached theoretically set values (LA/GA = 3.0, PLGA/PEG = 2.5). The lowest polydispersity 
index (Mw/Mn = 1.12) was achieved at ratio solvent to monomer equal to 20. Changes in the 
structure of prepared copolymers were not observed in 
1
H NMR spectrum (Figure 44). 
 
 
 
Figure 44 Detail in 
1
H NMR spectrum in a range from 5.0 – 4.5 ppm for copolymers prepared 
with different solvent to monomer ratio. 
 
Rheological properties of the copolymers prepared at different ratio solvent to monomer were 
evaluated. Figure 45 shows elastic modulus of copolymer solutions (42 w/v %). All solutions of 
copolymers exhibited sol-gel transition. The solution of copolymer prepared at ratio solvent to 
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monomer equal to 20 exhibited the lowest elastic modulus G´= 4.1 Pa at 37.5 °C, higher elastic 
modulus G  ´equal to 20.4 Pa at 35.7 °C showed the solution of copolymer prepared at ratio solvent 
to monomer equal to 10. The highest stiffness 176.0 Pa at 34.5 °C reached copolymer solution 
prepared at ratio solvent to monomer equal to 5. 
 
 
Figure 45 Influence of different solvent to monomer ratio on elastic modulus of the polymer 
solutions (concentration 42 w/v %). 
 
It was demonstrated that different initial concentrations of monomers in polymerization solution 
have not overmuch influenced the molecular weight, polydispersity index or the copolymer 
composition, but again showed essential influence on gelation behavior. Best equals were achieved 
at ratio solvent to monomer equal to 5. Based on these results next samples were prepared at this 
ratio. 
 
5.3.1.5. Influence of Different Initiator to Catalyst Ratio 
Based on literature review discussing similar catalytic system it is known that polymerization 
behavior of NHCs is strongly sensitive to the ratio of initiator to catalyst. The experiments with 
varying molar ratios of initiator to catalyst were performed (Table 12). All the copolymerizations 
were carried out for 120 min in THF solution.  
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Table 12: Properties of prepared PLGA–PEG–PLGA copolymers at different initiator to catalyst 
ratio. 
I/C 
Yield
 a
 
[%] 
Mn
b
 
[g·mol-1] 
Mn
c
  
[g·mol-1] 
Mn
d
  
[g·mol-1] 
Mw/Mn PLGA/PEG
 c 
[wt/wt] 
LA/GA c 
[mol/mol] 
1/2.5 71 4462 5102 3728 1.14 2.16 3.26 
1/2 79 5648 5007 4148 1.17 2.34 3.10 
1/1.5 80 5376 5357 4200 1.25 2.57 3.01 
1/1 85 5152 5065 4463 1.34 2.38 3.05 
1/0.5 65 5484 5086 3413 1.36 2.39 3.06 
Conditions of polymerization: THF solvent, Tp = 23 °C, tp = 2 h, S/M=5. 
a
 Determined gravimetrically.   
b
 Determined by GPC against PS standards in THF. 
c 
Determined by
 1
H NMR.  
d
 Calculated from initial molar ratio [M]0/[I]0×MW(monomer)×conversion yield. 
 
Prepared copolymers reached conversion of monomer in the range of 65 – 85 %. There were no 
significant differences between molecular weights, only copolymer prepared with ratio catalyst to 
initiator equal 1/2.5 exhibited lower molecular weight comparable with theoretical molecular 
weight (3728 g·mol-1). The ratios of LA/GA and PLGA/PEG approached theoretically set values 
(LA/GA = 3.0, PLGA/PEG = 2.5). It was demonstrated that with decreasing the ratio of initiator to 
catalyst expands polydispersity index of prepared copolymers. Changes in the structure of 
prepared copolymers were not observed in 
1
H NMR spectrum (see Figure 46). 
 
 
 
 
 
 
Figure 46 Detail in 
1
H NMR spectrum in a range from 5.0 – 4.5 ppm for copolymers prepared 
with different initiator to catalyst ratio. 
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Rheological properties of the copolymers prepared with different initiator to catalyst ratio were 
evaluated. Elastic modulus of copolymer solutions (42 w/v %) is shown in Figure 47. The solution 
of copolymer prepared with ratio initiator to catalyst equal 1/2.5 stayed in phase sol in the all 
temperature scale. The highest stiffness 292.1 Pa at 33.7 °C reached copolymer solution prepared 
with initiator to catalyst ratio equal to 1/1. Furthermore, it was observed that with increasing 
initiator to catalyst ratio reduces the value of elastic modulus. The solution of copolymer prepared 
with I/C = 1/1.5 exhibited G  ´ equal to 213.2 Pa at 33.0 °C. Elastic modulus G´ = 176.0 Pa 
at 34.5 °C showed the solution of copolymer prepared with I/C = 1/2.  
 
 
 
Figure 47 Influence of different initiator to catalyst ratio on elastic modulus of the polymer 
solutions (concentration 42 w/v %). 
 
Change in the initiator to catalyst ratio had influence on conversion of monomers, molecular 
weight, polydispersity index and also on gelation behavior. The best gelation behaviors were 
obtained with initiator to catalyst ratio equal to 1/1. 
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5.3.2 Comparison of the Copolymers Prepared by the Organic Catalyst and 
Organometallic Catalyst  
Recently, thermoreversible biodegradable “smart hydrogels” based on hydrophilic PEG 
and hydrophobic PLA and PGA with the swelling or shrinking ability driven by external stimuli 
have been prepared “in situ” via ROP by our group. Amphiphilic copolymers were additionally 
modified by itaconic acid to achieve end-functional reactive double bonds and carboxylic acid 
groups. Resulted copolymers are temperature sensitive and could be cross-linked either chemically 
by covalent bonds (photopolymerization) or physically by ionic or hydrophobic interaction [65-
72].  
Since our group has experience with ROP copolymerization of lactide and glycolide using 
poly(ethylene glycol) as macroinitiator and tin(II)-2-ethylhexanoate (SnOct2) as the catalyst, 
utilization of NHCs as catalysts for the ROP of cyclic esters provides an attractive alternative to 
traditional metal-containing catalysts. Comparison of copolymers prepared using both ways is 
discussed in this section. The properties of both copolymers are listed in Table 13. 
 
Table 13: Properties of PLGA–PEG–PLGA copolymers prepared using different catalysts. 
sample 
Yield
 a
 
[%] 
Mn
b
 
[g·mol-1] 
Mn
c
 
[g·mol-1] 
Mn
d
 
[g·mol-1] 
Mw/Mn 
PLGA/PEG c 
[wt/wt] 
LA/GA c 
[mol/mol] 
NHC-tBu 79 5648 5007 4148 1.17 2.34 3.10 
SnOct2 90 6785 5275 4746 1.20 2.60 2.95 
Conditions of polymerization: 
 NHC-tBu - THF solvent, Tp = 23 °C, tp = 2 h, S/M=5, I/C = 0.5. 
 SnOct2 – bulk, Tp = 130 °C, tp = 3 h, I/C = 0.03. 
a
 Determined gravimetrically.   
b
 Determined by GPC against PS standards in THF. 
c 
Determined by
 1
H NMR.  
d
 Calculated from initial molar ratio [M]0/[I]0×MW(monomer)×conversion yield. 
 
Copolymer prepared using SnOct2 showed higher conversion of monomer (90 %) and higher 
molecular weight than copolymer prepared using NHC-tBu. At both prepared copolymers higher 
molecular weight than theoretical was observed. The ratios of LA/GA and PLGA/PEG almost 
approached theoretically set values (LA/GA = 3.0, PLGA/PEG = 2.5) for both copolymers. 
Catalyst efficiency for copolymer prepared using SnOct2 was 69.9 % and for copolymer prepared 
using NHC-tBu was 73.4 %. 
The differences in the structures of the prepared copolymers can be seen in the 
1
H NMR spectra 
shown in Figure 48. Differences were observed especially at individual sequences for both 
copolymers in the region of the glycolide methylene proton (Figure 49).  
Based on the literature review it is known that glycolide has higher reactivity in comparison to 
lactide, the ring of glycolide is opened and linked to hydroxyl end groups of PEG block in the first 
step. When large part of GA is already bonded the LA is built in polymer chains. 
Transesterification in the polymerization process made the redistribution of sequences in the 
copolymer chain, which results in the more random sequence. 
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Figure 48 
1
H NMR spectra of copolymers prepared using SnOct2 and NHC-tBu. 
 
 
 
Figure 49 
1
H NMR spectra of copolymers prepared using SnOct2 and NHC-tBu detail in a range 
from 4.5 – 5.0 ppm. 
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For copolymers prepared with SnOct2 prevails sequence for LA-GA-LA triad at 4.83 ppm, 
prevails regular alternating LA and GA units corresponds to alternating copolymer. While for 
copolymer prepared using NHC-tBu resonance lines of GA-LA sequences are in the similar 
representation, which corresponds to the random structure of copolymer. Resonance lines to 
appropriate sequences in 
1
H NMR spectrum of poly[(lactide)-co-(glycolide)] in the region of the 
glycolide methylene proton are listed in Table 9. 
The phase diagrams of aquegenous solution investigated PLGA–PEG–PLGA copolymers are 
shown in Figure 50. Both traces show two phase transitions (first-lower and second-upper) above 
critical gel concentration (CGC).  
 
 
Figure 50 Phase diagrams of prepared copolymers. 
 
Copolymer solution prepared using SnOct2 exhibits the CGC equal to 14 w/v % at critical gel 
temperatures (CGT) equal to 32 °C and copolymer solution prepared using NHC-tBu exhibits the 
CGC equal to 20 w/v % at CTG equal to 36 °C.  This finding indicates that the sequence of PLGA 
blocks in the copolymers have a significant influence on their gelation behaviors and also can 
modulate the sol-gel transition temperatures. The different sequence structures alter the balance of 
hydrophobicity and hydrophilicity, which is critical for micellization of the amphiphilic block 
copolymers in water.  
Rheological properties of the prepared copolymers were evaluated. Elastic modulus of copolymer 
solutions is shown in Figure 51. Micelles formed during gelation were stable. Maximum value of 
elastic modulus for copolymer solutions (22 w/v %) were equal to 39.1 Pa at 34.0 °C and for 
copolymer prepared by NHC-tBu and 497.6 Pa at 32.7 °C for copolymer prepared by SnOct2, due 
to higher arrangement of PLGA chains. 
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´ 
 
Figure 51 Elastic modulus of the polymer solutions (concentration 22 w/v %) prepared using 
SnOct2 and NHC-tBu. 
 
Both copolymers have satisfied condition, namely that for injectable biodegradable hydrogels 
having two sol-gel phase transitions, where they exist in sols at laboratory temperature and change 
to gels at body temperature. These copolymers can be used as suitable material for injectable 
resorbable implants in regenerative medicine. Disadvantages of copolymer prepared by NHC-tBu 
are the need for higher concentration of aqueous solution and lower gel stiffness.  
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6  CONCLUSION  
 
The main aim of the presented work was synthesis and characterization of biodegradable non-toxic 
thermosensitive triblock copolymers based on hydrophilic polyethylene glycol (PEG) and 
hydrophobic aliphatic polyesters poly(lactic acid-co-glycolic acid) (PLGA) using “green” organic 
carbene catalyst in order to replace toxic organometallic catalysts. 
 
The initial part of this work was focused on the preparation of 1,3-di-tert-butylimidazol-2-ylidene 
(NHC-tBu) free carbene from corresponding imidazolium salts. Three ways of NHC-tBu 
preparation, were tested on polymerization of L-lactide. The best efficiency was obtained with 
NHC-tBu generated by buthyllitium. Resulting P(L-LA)–b–PEG–b–P(L-LA) triblock copolymer 
showed narrow polydispersity index (Mw/Mn = 1.2), controllable molecular weight 
(Mntheor/MnGPC/MnNMR = 1.0/1.3/1.1) and high yield (85 %).  
 
The prepared NHC-tBu was also tested for opening polymerization of other cyclic esters, namely 
D, L-LA, glycolide and -caprolactone. As we expected, polymerization of lactone proceeded 
worse than polymerization of lactides. Prepared polyglycolide showed a very narrow 
polydispersity index (Mw/Mn = 1.1) with high conversion of monomer (83 %). Poly-L-lactide was 
prepared with the highest conversion of monomer (85 %) and narrow polydispersity index 
(Mw/Mn = 1.2). Poly-D, L-lactide showed a narrow polydispersity index (Mw/Mn = 1.1) with 70 % 
conversion of monomer. Prepared PCL had quite high conversion (71 %) but the worst 
polydispersity index (Mw/Mn = 1.9).  
 
In next part of the work synthesis of thermosensitive amphiphilic triblock copolymers based on 
hydrophobic biodegradable polylactide and polyglycolide and biocompatible hydrophilic 
polyethylene glycol (PLGA–PEG–PLGA) using prepared NHC-tBu was investigated. PLGA–
PEG–PLGA copolymer as suitable material for injectable resorbable implants in regenerative 
medicine was successfully prepared and precisely characterized by means of 
1
H NMR, FT-IR, 
GPC, TGA, and DSC methods. Gelling ability of copolymers were studied as well. Results 
indicate that structure-controlled triblock copolymer was synthesized. Prepared copolymer showed 
a very narrow polydispersity index (Mw/Mn = 1.2) with high conversion of monomer (79 %).The 
ratios of LA/GA (3.1) and PLGA/PEG (2.3) approached theoretically set values (LA/GA = 3.0, 
PLGA/PEG = 2.5). Kinetic study showed that polymerization proceeds very fast in the first 
minutes. Water solution of PLGA–PEG–PLGA copolymer formed free flowing sol at room 
temperature and gel at body temperature. Copolymer solution exhibited critical gel concentration 
equal to 20 w/v % at critical gel temperature equal to 36 °C.  
 
The influences of polymerization conditions: monomers purification, reaction temperature, 
solvent, ratio solvent/monomer (S/M) and ratio initiator/catalyst (I/C) were evaluated. Study 
showed that the experimental conditions influenced the properties of prepared copolymers. 
Changes of reaction conditions in most cases had not significantly influence on chemical 
properties such as molecular weight or polydispersity index, but had essential influence on 
physical properties like gelation behavior. Optimal conditions under which occurred production of 
PLGA–PEG–PLGA copolymer with highest stiffness 292.1 Pa at 33.7 °C were found for 
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unsublimated monomers, at ratio S/M = 5 cm
3·g-1, I/C = 1/1 mol·dm-3 in THF solution at 
laboratory temperature. 
 
Finally, the comparison of copolymers prepared using NHC-tBu and Sn(II)2-ethylhexanoate 
catalysts was performed. Both copolymers have two sol-gel phase transitions, where they exist in 
sols at laboratory temperature and change to gels at body temperature. Differences between the 
both copolymers were noticeable in structure, in the sol-gel transition as well in the rheological 
properties. Copolymer prepared by NHC-tBu needed for sol-gel transition higher concentration of 
aquegenous solution (20 %) and had lower elastic modulus (G´ = 39.1 Pa at 34.0 °C) than 
copolymer prepared by tin(II)-2-ethylhexanoate (CGC 14 %, G  ´= 497.6 Pa at 32.7 °C). 
 
Part of this work involved in the preparation and properties of the thermosensitive copolymer was 
published in the form of patent April 8, 2015, which is listed at the end thesis.
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L-LA L-lactide 
Lip. Lipase 
LSC lyo screen control 
M monomer 
Me methyl 
Mn number average molecular weight 
Mw/Mn polydispersity index 
NHC N-heterocyclic carbenes 
NHC-tBu 1,3-di-tert-butylimidazol-2-ylidene 
Nu nucleophile 
PCL  polycaprolactone 
PDLA poly-D-lactide 
PDLLA poly-D,L-lactide 
PEG poly(ethylene glycol) 
PGA polyglycolide 
PLA polylactide 
PLGA copolymer of lactide and glycolide  
PLGA-PEG-PLGA poly(D,L-lactic acid-co-glycolic acid)-b-poly(ethylene glycol)-b- poly(D,L-
lactic acid-co-glycolic acid)  
 64 
PLLA poly-L-lactide 
Ref. references 
RI refractive index 
ROP ring opening polymerization 
s  second 
S  solvent 
SnOct2 tin(II)-2-ethylhexanoate 
T  temperature 
Tp temperature of polymerization 
t  time 
tp  time of polymerization 
t-BuOK  potassium tert-butoxide 
Td  initial degradation temperature  
Tdm degradation temperature at max. rate  
Tg transition of temperature  
TGA thermogravimetric analysis 
Tm melting point 
THF tetrahydrofuran 
TOF turnover frequency 
TTIM test tube inverting method 
UV ultraviolet 
UV-VIS ultraviolet-visible 
UPW ultrapure water 
ΔW1 total weight loss of the end of first stage of degradation 
ΔW2 total weight loss of the end of second stage of degradation 
 65 
LIST OF FIGURES 
Figure 1. The order of locants on C atoms adjacent to carboxyl group in the hydroxy acid. 
Figure 2. Practical applications of the biodegradable polyesters [7, 9 – 13]. 
Figure 3. Scheme of the ROP of -caprolactone to poly(-caprolactone). 
Figure 4. Scheme ROP of lactide to polylactide. 
Figure 5. Scheme ROP of glycolide to polyglycolide. 
Figure 6. Structures of (a) Sn(Oct)2 and (b) Al(iPr)3. 
Figure 7. General formula of carbenes. 
Figure 8. Orbital presentation of carbenes. 
Figure 9. Structural diversity of N-heterocyclic carbenes.  
Figure 10. “In situ” generation of NHC using t-BuOK. 
Figure 11. Generation of the NHC catalyst from the ionic liquid reservoir. 
Figure 12. Generation of free carbene from silver(I) carbene complex. 
Figure 13. Generation of free carbene from stable chloroform and pentafluorobenzene adducts. 
Figure 14. Elimination of methanol from methoxyimidazolyl-2-ylidene. 
Figure 15. Proposed mechanism for the ring-opening polymerization of lactide in the presence 
of alcohol. 
Figure 16. Vacuum line-manifold for experiments under inert atmosphere in Polymer 
Synthesis Laboratory at Faculty of chemistry BUT. 
Figure 17. “In situ” generation of 1,3-di-tert-butylimidazol-2-ylidene free carbene using 
t-BuOK salt.  
Figure 18. Schematic illustration of imidazolium salt reaction with buthyllithium at low 
temperature to gain 1,3-di-tert-butylimidazol-2-ylidene free carbene. 
Figure 19. Photos of a) Starting imidazolium salt, b) NHC-tBu generated “In situ”in THF, c) 
NHC-tBu generated according to Arduengo, d) NHC-tBu generated according to 
Denk. 
Figure 20. Synthesis of P(L-LA)–b–PEG–b–P(L-LA) triblock copolymers using NHC-tBu free 
carbene. 
Figure 21. The measured 1H NMR spectrum of 1,3-di-tert-butylimidazol-2-ylidene free 
carbene in C6D6 under nitrogen atmosphere. 
Figure 22. FTIR spectrum of 1,3-di-tert-butylimidazol-2-ylidene. 
Figure 23. Obtained 1H NMR spectra  of P(L-LA)–b–PEG–b–P(L-LA) and P(D,L-LA)–b–
PEG–b–P(D,L-LA) triblock copolymers prepared via ROP using NHC-tBu at room 
temperature in 5 minutes in THF. 
Figure 24. Obtained 1H NMR spectrum of PGA–b–PEG–b–PGA prepared via ROP using 
NHC-tBu at room temperature in 5 minutes in THF. 
Figure 25. Obtained 1H NMR spectrum of PCL–b–PEG–b–PCL prepared via ROP using NHC-
tBu at room temperature in 5 minutes in THF. 
Figure 26. ROP polymerization of PLGA–PEG–PLGA triblock copolymers using NHC-tBu 
free carbene. 
Figure 27. GPC diagram of PLGA–PEG–PLGA copolymer. 
Figure 28. Obtained 1H NMR spectrum of PLGA–PEG–PLGA copolymer prepared via ROP 
using NHC-tBu at room temperature in THF. 
Figure 29. FTIR of PLGA–PEG–PLGA copolymer. 
Figure 30. Dependence of monomers conversion on the time of D,L-lactide and glycolide 
copolymerization using NHC/PEG catalytic system. 
 66 
Figure 31. Dependence of molecular weight and polydispersity index on polymerization time 
during copolymerization of D,L-lactide and glycolide. 
Figure 32. TGA of PLGA–PEG–PLGA copolymer. 
Figure 33. DSC of PLGA–PEG–PLGA copolymer. 
Figure 34. Inverting test tube method: a) the solution in phase sol b) the phase gel at 37 °C, 
c) the phase suspension.  
Figure 35. Phase diagram of PLGA–PEG–PLGA copolymer. 
Figure 36. Effect of polymer solution concentration (18 - 42 w/v %) on the storage modulus. 
Figure 37. 1H NMR spectra of PLGA–PEG–PLGA copolymers from both sublimated and 
unsublimated monomers and detail in a range from 4.5 – 5.0 ppm. 
Figure 38. Rheological properties of PLGA–PEG–PLGA copolymers from either sublimated 
or unsublimated  monomers (24 w/v % in ultrapure water). 
Figure 39. Detail in 1H NMR spectra of PLGA–PEG–PLGA in a range from 5.0 - 4.5 ppm for 
ROP at different temperature. 
Figure 40. 1H NMR spectra of poly[(lactide)-co-(glycolide)] obtained in the region of 
glycolide methylene protons [63]. 
Figure 41. Influence of polymerization temperature on elastic modulus of the polymer 
solutions (concentration 42 w/v %). 
Figure 42. Detail in 1H NMR spectrum in a range from 5.0 - 4.5 ppm for copolymers prepared 
in different medium. 
Figure 43. Influence of polymerization solvent on elastic modulus of the polymer solutions 
(concentration 42 w/v %). 
Figure 44. Detail in 1H NMR spectrum in a range from 5.0 - 4.5 ppm for copolymers prepared 
with different solvent to monomer ratio. 
Figure 45. Influence of different solvent to monomer ratio on elastic modulus of the polymer 
solutions (concentration 42 w/v %). 
Figure 46. Detail in 1H NMR spectrum in a range from 5.0 - 4.5 ppm for copolymers prepared 
with different initiator to catalyst ratio. 
Figure 47. Influence of different initiator to catalyst ratio on elastic modulus of the polymer 
solutions (concentration 42 w/v %). 
Figure 48. 1H NMR spectra of copolymers prepared using SnOct2 and NHC-tBu. 
Figure 49. 1H NMR spectra of copolymers prepared using SnOct2 and NHC-tBu detail in a 
range from 4.5 – 5.0 ppm. 
Figure 50. Phase diagrams of prepared copolymers. 
Figure 51. Elastic modulus of the polymer solutions (concentration 22 w/v %) prepared using 
SnOct2 and NHC-tBu. 
 67 
 
LIST OF TABLES  
Table 1. Overview of the most common cyclic ester monomers.. 
Table 2. Properties of prepared polylactides. 
Table 3. Assignment of the absorption bands observed in the FTIR spectra of 1,3-di-tert-
butylimidazol-2-ylidene (Nujol, KBr). 
Table 4. Properties of prepared triblock copolymers. 
Table 5. Properties of prepared PLGA–PEG–PLGA triblock copolymer. 
Table 6. Assignment of the absorption bands observed in the FTIR spectra of PLGA–PEG–
PLGA copolymer. 
Table 7. Properties of prepared PLGA–PEG–PLGA copolymers. 
Table 8. Summary of the properties prepared copolymers PLGA–PEG–PLGA at different 
temperatures. 
Table 9. Sequences in the region of the glycolide methylene proton [63]. 
Table 10. Influence of solvent on the properties of prepared PLGA–PEG–PLGA copolymers. 
Table 11. Properties of prepared copolymers PLGA–PEG–PLGA at different solvent to 
monomer ratio. 
Table 12. Properties of prepared copolymers PLGA–PEG–PLGA at different ratio catalyst to 
initiator. 
Table 13. Properties of PLGA–PEG–PLGA copolymers prepared using different catalysts. 
   
 
 
 68 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CURRICULUM VITAE 
Personal data: 
Surname/Name Boháčová Zdeňka 
Address Linhartovy 25, 793 95 Město Albrechtice (Czech Republic) 
E-mail bohacova.z@email.cz 
Birth date 13. 03. 1986 
 
Education: 
Period 2010-2015 
Ph.D. student, Brno University of Technology, Faculty of Chemistry, 
Macromolecular chemistry 
Thesis: “Ring-opening Polymerization of Lactones and Lactides” 
 
Period 2008-2010 
Engineer(Ing.) Brno University of Technology, Faculty of Chemistry, 
Technology and Properties of Materials  
(graduation with first class honours) 
Thesis: “Polycaprolactone, Synthesis, Characterization and Degradability” 
Period 2005-2008 
Bachelor (Bc.) Brno University of Technology, Faculty of Chemistry,  
Chemistry and Chemical Technologies 
Thesis: “Special Laboratory Techniques” 
 
 
 
Abilities, knowledge and accomplishments 
Language knowledge: English, German  
Computer skills: MS Office, SpinWork NMR software, ChemOffice 
 
Research stay 
08/2009-01/2010 KTH, Royal Institute of Technology, Department of Fibre and Polymer 
Technology, Stockholm, Sweden 
 
Work experience 
10/2012-8/2014 Central European Institute of Technology (CETEC) 
 - technician worker, Ph.D. student - young researcher 
 - preparation and characterization of biomedical materials  
 
Publications 
 
Czech Patent Application PV 2013-966 (CZ305046) Termosensitive „smart“ hydrogels.  
 
HERMANOVÁ, S.; VYROUBALOVÁ, Z.; VOJTOVÁ, L.; MERCEDES MOYA 
CABRERA, M. Novel Triazole-based Aluminium Complex for Ring- Opening 
Polymerization of Lactones. Polymer Bulletin, 2011, 9, p. 1751-1760, ISSN: 0170- 0839. 
 
 
 
 
